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Introduction

. This progress report describes the work performed in the Mechanical Properties
of Multi-Year Sea Ice Study from 1 December 1980 to 28 February 1981. -During
this period, work concentrated on preparing for the field ice sampling program
and the development of equipment and testing techniques for the ice strength
tests. Automated petrographic analyses of sea ice thin sections and tritium
~d%t§2g of multi-year sea ice were also briefly investigated at the request

o ell.

Field Sampling Program

The field sampling program has been scheduled for the month of April. Originally
it was planned to go into the field on 15 March; however, it was later felt

that the ice samples would be best obtained during April when air temperatures
were slightly warmer. The higher air temperatures would minimize possible
thermal cracking of the ice cores when removed from the pressure ridge.

- The field program will be staged out of NANA Camp in Deadhorse as considerable
amounts of multi-year ice have been reported in the Prudhoe Bay area near the
coast and barrier islands. Arrangements have been made with NANA for room

and board, two unheated storage huts, and a truck. The storage huts will serve
as a field office and lab. Transportation to the multi-year ice will be
provided by a Bell 205 helicopter chartered from ERA Helicopters. In the

event poor weather conditions do not allow us to fly offshore, the truck will
be used to drive to Prudhoe Bay to obtain first-year sheet ice samples for

study.

A1l field equipment have been procured, tested, and packed for shipment to
Deadhorse. It is planned to ship the equipment during the second week of
March.

The equipment and procedures for the field sampling program have been briefly
described in the study proposal. Details of the sampling program will be
given in the next progress report after the field trip and in the final
report. However, it is appropriate at this time to discuss the 4%-inch
diameter auger developed and fabricated at CRREL and our plans to ship the
ice from Prudhoe to Hanover.

Ice Augers

In order to obtain a suitable sample size/crystal size ratio of ten, it was
necessary to develop and fabricate an ice auger that was slightly larger than
the conventional CRREL or SIPRE ice auger. A core diameter of 4-inches was

required for testing and only 3-inch diameter core could be obtained with the
CRREL auger.

Three constraints were placed on the design of this auger. They were: first,
the core diameter was to be over 4-inches, second, the drill was to be as
light as possible and finally, the maximum depth to be drilled in the pressure
ridges was expected to be around 40 feet.
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- The desz.gn of the auger was completed in early December. It was decided to
design the auger to obtain &4%-inch diameter core, so that the core could be
machined to obtain a final diameter of &4 inches for testing. Because of the
weight limitations and the ease of which the auger was to be handled, the auger
- barrel was designed around the use of a fiberglass reinforced epoxy pipe.

The shop drawing and mechanical specifications for the fiberglass pipe are
given in the Anpendz.x

The total weight of the auger, extension adapter, and cutters is 8 pounds
This is significantly less than the smaller CRREL auger.

Materials for the auger were received by the end of Decerber. At this time,
one auger has been completed; the second will be ready in one week.

Initial tests conducted on the first auger in fresh water ice were very
successful. Problems with the core wafering were eliminated by reducing the
core diameter about (.06 in, from 4.250 in. to 4.190 in. Once this was
accorplished excellent core was obtained. An %" electric drill, hand held,
was used to power the auger. The drill speed was reduced to appro:unately
200 rpm using a variable resistor. Penetration rates during the short rums
were typically over 24 inch per min. It should be noted that the CRREL auger
is not used in fresh water ice because of core wafering. Generally samples
are obtained with a chain saw. It appears that we have developed an auger superior
to the existing CRREL auger. The auger should work very well in less brittle
sea ice.

A 12-inch diameter auger will also be developed, fabricated, and tested at
CRREL. The purpose of this auger is to obtain large diameter core from which
horizontal ice samples could be obtained.

The 12-inch ice coring auger has developed some procurement delays and will
not be ready for shipment to the field this year. It was hoped that if the
auger were ready, it could be tested in the field this winter for subsequent
use. The major delay is procurement of the 12-inch fiberglass pipe for the
auger barrel. This tubing has been selected over conventional aluminum and
steel tubing because of its termendous weight advantage. A comparison of
weights for the four foot length required for the drill is 24 1bs for the
fiberglass, 72 1bs for aluminum and 216 lbs for steel tubing.

Ice Storing and Shipping

If seasonal terperature prevail, the ice will be transported from the field
collection sites to Deadhorse without refrigeration. If it is unseasonably
warm, dry ice will be utilized to cool the samples directly at the field site.
Once processing is corpleted and several shlppmo containers are filled with
samples at Deadhorse, a small amount of dry ice will be added and the containers
will be placed on a Wien flight for shipment to Anchorage. When a shipment

is ready to leave, Emery Air Freight will be contacted and they will meet the
aircraft and take the shipment to Ten and M Lockers. Ultimately our complete



shipment will be located at Ten and M. At the completion of the field season

we will make one shipment via Northwest Airlines. Each box will be charged

with dry ice and the boxes will be containerized in two large containers. The
NW freighter leaves Anchorage daily at 0030 and proceeds on to Seattle, there the
shipment will be changed to another NW flight proceeding directly to Boston
arriving at 1730 on the same day. We will meet the shipment with a truck and
transport the ice directly to the CRREL cold rooms.

Development of Testing Equipment and Techniques

Work to date has concentrated on developing the appropriate test equipment and
teclmiques for performing unconfined compression and direct tension tests. ti-
axial testing will be addressed once the unconfined compression testing program
has been started in Task 2. Tn Task 2, the variation of multi-year sea ice
strength will be investigated by conducting a large number of unconfined compres-
sion tests at given ice temperatures and strain rates. :

Uniaxial Compression Tests: Core samples are expected to be 4.20 inches in
diameter after drilling, and there may be some surface irregularities. The
broad aim is to turn the specimens down to a diameter of 4.000:0.001 inches.
The finished length will be 10 inches resulting in a L/D ratio of 2.5.

Two possibilities for shape were considered: (1) a simple right circular
cylinder, (2) a cylinder with slight flaring of the ends. Alternative 2)
would involve use of a form tool when turning the specimen down from 4.2 in to
4.0 in. diameter, forming fillets of large radius and leaving the end planes at
4.2 in. diameter. The resulting gain of area at the end planes (to combat
stress concentrations) is somewhat exiguous (107) with these dimensions, ‘and
for the time being the cumbbell shape will not be used for compression.

To form a right cylinder, the end planes will be cut square to the axis of

the core, forming a cylinder approximately 12 in. long. This will then be
mounted in the lathe, using special caps to hold the cylinder between the chuck
and the tailstock center. The core will be turned down to 4.0 in. , and finally
the ends will be cut to give a finished length of 10 in. The end planes will
be cut flat and square to the axis by face milling, with the cylinder held in

a double vice-block. Lapping has been considered, and it will remain an option,

but there is a potential for problems if the specimen is not rotated about its
axis while on the lapping wheel.

All machining will be done at an ambient temperaturé of -20°C, and precautions
will be taken to avoid chemical contamination. Dimensional tolerance for
machining are expected to be +0.001 in. ' :

The cylindrical specimens for uniaxial corpression tests will be machined to
tolerances that are within the acceptable range for high precision tests on
rock and other brittle solids. Theoretically, it should be possible to achieve

;
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good results with direct contact between the ice and ground-flat steel

platens. However, because ice surfaces are rather unstable at typical test
temperatures, it is expected that a ''crushable' platen cusion may be interposed
between the ice and the steel. A cutter has been made for forming discs of
thin uniform card (manila file folder stock).

The desirability of using a ball seat to compensate for possible lack of
parallelism has been considered, but no definite conclusions have yet been
reached. If a ball seat is used, it will be one that is specially designed to
avoid "racking' displacements, and it will be lubricated with very light oil to
ensure that it locks under load.

As an alternative to use of "'frictional" platens, which impose radial restraint
on the end planes of the specimen, consideration is being given to use of
compliant platens. Compliant platens have been developed earlier by CRREL for
-field testing, and their merits were validated by critical experiments.

They were not recommended for precise laboratory testing because they represent
"~ a compliant element in an otherwise stiff system. However, for present purposes
their merits may outweight their disadvantages. At the relatively low strain
rates that are to be used, the main CRREL MIS machine should easily be able

to compensate for variations in the deformation rate of the compliant platens.
Some notes on compliant platens for this project are given below.

The objective of using compliant platens is to subject the specimen end plane
to uniform pressure while permitting radial expansion equal to that in the
speimen mid-plane. This may be achieved by several possible approaches:
application of hydrostatic pressure; using a confined plug of a low-modulus
elastic solid; or the combination of a low-modulus elastic plug and elastic
ring. :

Application of hydrostatic pressure: To do this we have to make the specimen
a "piston' which has a short length of its end inserted into a cylinder filled
with fluid. The wall of the cylinder has an O-ring seal. This approach,
requires close tolerances and it is fairly complicated to introduce fluid

into the cylinder and bleed out air. When all this has been done, there is

sﬁill radial restraint from the O-ring and the annulus of pressurized fluid
above it.

Confined plug of low-modulus elastic solid: The '"compliant platen" "
developed earlier consisted of a plug of low modulus urethane (E = 5.5x10° 1bf/in)
confined in a thick-wall aluminum cylinder (0.25'" wall thickness). The inside
diameter of the cylinder allowed for a generous oversize tolerance on specimen
diameter, and also for radial expansion of the specimen under load. All
indications were that the device worked well, in spite of the tendency for
bulging of urethane in theclearance annulus.

Conbination of low modulus elastic plug and an elastic ring: In principle,
a low modulus elastic plug can be confined within a metal ring that is designed
to expand under axial loading to the same extent as the specimen. This
eliminates the need for a clearance annulus wider than about 0.002". However,
in order to design the platen it is necessary /to pre-compute the radial strain.



To analyze the plug-ring combination we assume the following properties:

Aluminum Egy = 10x106  1bf/in? val = 0.33
Urethane © B, 5°5x103 1bf/in® vy = 0.30
Ice E; =1-23x100 1bf/in?  v; = 0.33

The aluminum confining ring is assumed to be filled with urethane over its
complete length, and to be pressurized by a radial pressure p. When the plug
of urethane is loaded axially by an ice cylinder of the same diameter, the
axial stress in both ice and urethane is o, . Thus the radial pressure p is

= \)u GC -
P T 0.43 o,

The radial displacement of the aluminum ring, AR, is

AR = _E_R_z (l ‘922)
y Ea¢ T 2

where R and t are the radius and wall thickness of the ring respectively.

The radial strain of the ice in its mid-plane depends on the loading rate, i.e
on the relative magnitudes of elastic and viscous components of strain.

For loading at very high rates, the pure elastic radial strain Ere is

€ = AR _ Vi 0 - 2.68x1070.
R : E: ‘

For this case, equality of radial strain in the ice and the ring is given by

263 %1070, - 0430, . R . 0.835
10 x 10° t

With R = 2", this gives t = 0.268".

For practical purposes it is unrealistic to assume purely elastic strain in
the ice. In polycrystalline freshwater ice, the axial strain at failure is
typically of order 1074 with mixed-mode rupture at strain rates less than 10
s™+. Since there is some constantvolum flow and some dilatation prior to
final failure, we can take VJ{ = 0.5_for want of a better value. Thus, taking
the radial failure strain as 5 x 10'3, the required wall thickness for the
aluminum cylinder is

5x107 _ 0.430. . R . 00835
10 % 1Q° t
t/R = 118 x107° 6,

Taking o, % 1000 1bf/in2 and R = 2", this gives t = 0.0144". This is about
1/64" and probably too small for the simple machining we propose to employ.
The strain in the aluminum is also too high fqr comfort in 60-61 T6 aluminum.
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An "exact' design can be achieved for ice that fails at small strains, pro--
vided that results of pilot tests are available for guidance. Using a simple

~ elastic ring around a low-modulus plug, it does not seem practical or feasible
to have full radial compliance for very high strains. Taking into account the

- well-documented success of a very simple thick-wall device, we therefore propose
to accept a design compromise along the following lines: (a) Design the
aluminum ring to expand to somewhere near its elastic limit; (b) Rely on a
small radial clearance plus the low shear modulus of the urethane to accommodate
further expansion of the ice.

If we use,60-61 T6 aluminum, the elastic limit of strain can be taken as about

3.5 x 10" °, and this value could perhaps be doubled using high-strength aircraft
alloy (70-75). Taking the lower value:

35x10"> - 0.430. . R . 0835

_ lox10¢ t
t/R = \oax\o‘s o
Taking oc = 1000 1bf/in2 and R = 2", t = 0.0205". This might constitute a very good

compromise when we can afford spec1a1 machlnlng

At present, the machine shop foreman would prefer not to take the wall thickness
below 1/16". This would allow the platen to strain to

AR _ o043 o . 2. 0825 - Li4x\0°0
IO x10¢ 0.0625

With G = 1000 1bf/1n , this is a radial strain of 1.14 x 10~ -3, For low-rate
tests, the raglal clearance has to allow for an additional radlal strain of
about 4 x 1077, i.e. an annular clearance width of 0.008'". As a practical
matter, we need a clearance on the diameter of about 0.004", so this annulus is
hardly a matter of great concern.

Thickness of the urethane plug: On the earlier design the urethane plug had a
thickness that was 40% of the diameter. For the new platen we would like to
limit the plug thickness so as to minimize the compliance, but at the same time
the plug has to be thick enough to effectively pressurize the aluminum ring,
and any slight bulging into the clearance annulus has to represent only a

small fraction of the total volume. The plugs now on order are to be 0.75 in.
thick, i.e. 19% of the diameter.

Differential thermal strain: In these calculations, no allowance has been made
for differential thermal strain between the urethane and the aluminum, although
we believe that the expansion coefficient for the urethane exceeds that for
aluminum. At a later stage, differential thermal strain can perhaps be utilized
to refine the design.

Uniaxial Tension Tests: The original intention was to pull simple cylindrical
‘specimens, identical to those used for compression. However, present indications
are that stress concentrations near the bonded interface w111 produce failure
near the end planes, even when the bond itself remains intact. The selected
alternative is to use a dumbbell specimen with bonded synthane end caps.




 End caps will probably be made to match the diameter of the core as it comes
from the drill, with slight "undcrsize" allowance. The ends of the core

will be trimmed square to the correct length ( ~ 12 in.), and the end caps will
be bonded on, square to the axis, in a jig. The caps will then be used to
mount the specimen in the lathe, where it will be turned using a form tool.

If the starting diameter is 4.2 in., it will probably be necessary to make the
neck diameter less than 4.0 in., say 3.75 in. With these diameters, the area
of the end plane will be 1.25 times the area of the neck. The radius of the
fillets will be twice the diameter of the neck. Judging from previous two-
dimensional photoelastic studies, this should bring the stress concentration
at the outer radius of the end planes to about 3%. Specimens will be checked
for eccentricity by a comparator. '

The cylindrical end caps will be made from linen-base Synthane, with a thick-
ness approximately half the diameter. They will be drilled and tapped to

- take a 1'"" x 14 stud for "stiff" connection to the MIS machines. If necessary,
"steel studs will be cemented in after careful centering in the lathe. The prep-
aration of the faces for bonding is a special technique that has been evolved
over the past year or two, with only a brief description in the literature.

The notes below therefore describe the procedure in detail.

Preparation of Synthane end caps for umiaxial tensile tests on ice: The
cylindrical Synthane end cap is first machined to the required dimensions, with
smooth surface finish. The face of the end cap that will be bonded to the ice
is then prepared according to the following steps.

Step 1. The end cap is chucked accurately in the lathe, and the lathe is set
up for a spindle speed of 125 rev/mln, and a feed speed of ap rox%mately 4.7
in/min. A special sharp tool with 0° rake, 30° clearance, and 15° top angle

is set in the tool post with its point parallel to the spindle axis and its
cutting tip adjusted vertically to be on center. The tool is set to give an
axial cutting depth of 0.010 in. at the center of the cap, the feed is engaged,
and the tool makes a spiral traverse across the face of the cap. This produces
a "hairy" surface that is incised to a depth of 0.010 in.

Step 2. The next step is to cut a set of circular grooves into the face, using
the same special tool. The grooves are spaced 0.100 in. apart, i.e. 200 divisions
advance on the perpendicular feed knob of the lathe. The depth of each groove

'is 0.050 in., i.e. the in-line travel of the toolpost is 0.50 in. from the

setting used for the spiral scuffing of Step 1.

Step 3. A wire brush is'applied lightly to the face of the cap while it is
rotating, so as to remove long shreds of cut material. However, the fine "hairs"
should not be removed, as these help in the bonding process.

Care should be taken throughout to ensure that the face of the cap is not
touched by oil, oily tools, or oily hands.

Application of load to tension specimens: Load will be transferred to the tensile
specimens through the bonded Synthane end caps, and the problem of the triaxial
stress state produccd by radial restraint will be dealt with by a faired transition
in the dumbbell specimen. The end caps will be connected to the testing machine
by 1" x 14 threcaded steel rod. Above the specimen will be a tensile ball seat
that was designed and built for this project. :



. A design has also been developed to permit load cycling between tension and
compression, with zero backlash. The general idea is to attach the specimen
to the muchine rigidly at one end by a threaded rod, and to clamp it at the
other end by periperal dogs. Present plans do not call for alternation of
tension and compression.

Measurement of force and displacement: Consideration has also been given to
measuring the axial force and axial and radial displacement of the specimen
during testing.

Measurements of axial force: External load cells will be attached to the
testing machines. These will be of the electrical resistance strain gauge
type, and their readings will be recorded in analogue form.

Measurements of axial displacement: Two options have been considered for
measurement of axial displacement, both of them involving use of DCDT's. The
preferred method is to attach a pair of DCDT's and their core rods directly
to the cylindrical surface of the specimen. The two transducers will be set
at opposite ends of a diameter and averaged electrically. Since the specimen
will be constrained to displace axially, without tilting, bending or racking,
it is not considered necessary to use three transducers, or to record the
individual signals. The main unanswered question is whether the attachments
will be stable. The carrying frames for the transducers are light, but the
DCDT's themselves are quite heavy.

If the direct attachment is unstable because of creep at the suspension points,
the DCDT's will rest on the lower platen of the machine, and only the core
rods will be attached to the specimen. With this arrangement, twice as many
transducers will be needed to give the differential displacement that yields-
strain over the mid-section of the specimen.

Measurements of radial displacement: Present plans are based on an assumed
requirement for separate measurement of radial strain across two mutually
perpendicular diameters. Two broad options have been considered. One involves
direct attachment of measuring yokes, with displacement measured by DCDT'!s;

the other involves non-contact proximity sensors (Kaman MULTI-VIT's).

The simplest arrangement is to sense radial displacement by measuring the

change of diameter with a caliper of some kind. The first yoke built for

the purpose was too heavy, and the yoke was modified to reduce its weight.

The new yoke is to be suspended from the upper platen by a trapeze, and it is
balanced so that only negligible vertical force is transmitted to the specimen.
Contact with the specimen is made by conical points at the tips of 2-56 set
screws, with penetration limited by steel ears on the yoke. As the specimen
deforms axially, the yoke has to pivot on the contact points because the suspen-
sion does not change its length. ’

If the DCDT yoke proves unsatisfactory, the probable alternative will be use

of Kaman MILTI-VIT's. Foil targets will be frozen to the ice, and proximity
transducers will be supported on the lower platen at each end of each monitored
diameter. Disadvantages are that two transducers and associated circuits are
needed for each measurement of radial strain, and the targets move down relative
to the transducer pickups as the specimen deforms axially.



Verification of Test Equipment and Procedures: It was originally plamned to verify
the test equipment and procedures described above prior to the field sampling
program, so that we would be ready for testing immediately when we returned

from the field. This has not been possible due to delays in procurement of the

" lathe and milling machine required for preparing the test specimens. As of

1 March the lathe has been obtained and we have been notified that the milling
machine will be shipped to CRREL by 7 March 1981. Once the field program is
completed, development of test equipment and procedures will contimue.

Additional YWork

- At the request of Shell Development Company the feasibility of dating sea ice-
and performing automated thin section petrographic analyses were also briefly
investigated. -

Shell leamed from Michel Metge, Consultant, that it may be possible to determine
the age of multi-year sea ice by tritium dating. Metge indicated that additional
information could be obtained from Dr. Gote Ostlund of the Tritium Laboratory
at the University of Miami. Telecons with Dr. Ostlund revealed that by using .
tritium analysis it would be possible to determine whether the ice had formped
prior to, or after 1962 when numerous thermonuclear tests were conducted..” The
testing released large quantities of tritium in the atmosphere and oceans. =
Prior to 1962, the ice would contain little tritium, and after that date, large
quantities of tritium. The possibility of dating sea ice after 1962 was also
discussed. Tritium has a half-life of 12.3 years. Given an estimate of the
jnitial tritium content of the ice at the time of formation, and the amount of
tritiun remaining in the ice, it may be possible to determine the ice age. -

'_ However, the problem is complicated by brine drainage, and flushing of melte_d P T
- freshwater through the ice. Dr. Ostlund indicated that the degree of contamination = . -

may be estimated by measuring the deuterium content of the ice. He said that
he would be interested in working on the problem and would provide special
containers for obtaining sea ice samples in the field for dating.

" Shell is also interested in developing an automated petrographic thin section
analysis technique. Rapid thin section analyses (grain size and orientation)
would facilitate determining the effects of ice structure on ice strength.
Through conversations with other CRREL staff, it was learned that Dr. Robert C.
‘Lile of the University of Melbourne had developed a photometric method of
crystallographic analysis. Copies of Lile's papers on the subject were sent
to Shell. CRREL will also provide Shell photographs of sea ice thin sections
in polarized light, in various orientations for further analysis.



Costs to Date

An estimate of the labor and materials costs to date are givén below.

1AROR
Direct ) 26,419
Indirect 11,096
OTHER DIRECT
Materials 23,202
Travel 3,480
G and A and Overhead _ 27,848
Surcharge on Non-Gov't
Contracts (15%) 13,807
Total Cost to Date - 105,852

In addition, $5,926 was spent by Shell to procure the lathe and milling machine.
Cost to 1 March 1981 in the original proposal was estimated at $175,84l. We
are therefore $64,027 under budget.
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Photo la
Photo 1b

Photo 2
Photo 3

Photo 4a
Photo 4b

Photo 5

Components for compliant platen mold.

Bearing for rotating mold. _
Pouring the freshly&nixed flexane

Centrifuging the Flexane to remove bubbles.

Synthane end cap for uniaxial compression tests. -
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Photo la and 1b. Components for compliant platen mold.
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Photo 3.

Pouring the freshly-mixed flexane
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Photo 4a and b. Centrifuging
the Flexane to remove
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Photo 5.

Synthane end cap for unaxial
compression tests.
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17 June 1981

SUBJECT: Mechanical Properties of Multi-Year Sea Ice

Gentlemen:
Enclosed for your information and files is a copy of the seéond'progress report
for the subject study. We look forward to discussing these and other results

with you at the 30 Jéﬁe Participants Meeting in Hanover.

Sintefely,

Q %C;(Oufuq Vi C )Q
1 Encl. GORDON F. N. COX
as : Geophysicist

Applied Research Branch
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Figure 1: Mép of Prudhoe Bay showing area where multi-year sea ice samples
were obtained.
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Introduction

This progress report describes the work performed in the Mechanical Properties
of Multi-Year Sea Ice study from 1 March to 1 June 198l. During this period, the
field ice sampling program was conducted offshore of Prudhoe Bay and work continued
on the development of suitable testing techniques for studying the mechanical
properties of sea ice.

Field Sampling Program

The field sampling program was performed during the first two weeks of April.
NANA's facility in Deadhorse was used as a base camp and a Bell 205 was chartered
from ERA Helicopters to get on the ice. On 1 to 2 April reconnaissance flights
were flown to observe the distribution of multi-year ice in the Prudhoe Bay areas.
The area north and west of Reindeer Island was selected as the study area since
it contained a wide variety of multi-year floes and was convenient to Deadhorse.
The study area is shown in Figure 1. Coring and sampling o;eration§ beéan on
3 April and continued to 15 April. Weather during this period was excellenf,
-15°C and clear, and since there were no serious equipment problems, the field ice
sampling program was completed one week earlier than expected. After coring and
logging over 1000 feet of ice, the field party was ready to be carried back to
Hanover. z

Ten multi-year ridges and an area of presumably undeformed multi-year ice
were sampled during the field program. Continuous core were also obtained from
a ridge and undeformed area for detailed structural analyses. Horizontal and
vertical cores were taken at two sites. In all, 329 meters of ice were cored,

223 meters were shipped to Hanover, resulting in 590 potential test specimens.

Only 304 test samples were needed to perform Tasks 2 and 3.



A e il bk

-

Ten multi-year ridges were sampled at sites located on several multi-year
floes located north and west of Reindeer Island. No attempt was made to obtain
the exact position of the different ridges as there is no reason to believe that
there should be any relation between position and ridge characteristics. The
ridges and floes did not appear to be grounded. All the ridges studies were
part of the fast ice belt at the time they were sampled. However, at sometime
during the previous month there had been some limited lead development between the
sample sites and ‘the mainland with lateral motions of several hundred meters. The
multi-year floes were generally rounded and quite varied in size. Some of the
larger floes had lateral dimensions of 500 m to a kilometer. Figures 2 and 3
give general aircfaft views of some of these floes. Figure 3 is in fact a view
of the floe which contained Ridges 1l and 2. The structure visible in the picture
is a one room building installed on this floe by Vaudrey and Associates.

In selecting specific ridges, an attempt was made to include both <large and
small multi-year ridges. 1In all cases the ridges'sampled were well defined linear
features that were readily discernable from the aif. - On 'each ridge, 4 cores were
obtained, a pair of cores from each of two sites. A distance of 17 to 63 cm
separated the cores in each pair at a given site. Figure 4 shows the pair A and
B on Ridge 2 that are separated by 33.cm. Sites AB and CD are separated by larger
distances varying from 14 to 46 m. A summary of the A-B, C-D and AB-CD
distances are given in Table 1 which also gives the elevation of the drill sites
above the mean level of undeformed ice in the near vicinity. The idea behind
this sampling scheme was to sample two different locations on 10 ridges with a
sample distance large enough so that the specimens are clearly from different

areas of the same ridge and at each of these locations obtain 2 replicate cores



Figure 3: Areal view of multi-year floe which contained
Ridges 1 and 2. Floe also studied by Vaudrey
and Associates.




Figure 4:

Core holes A and B on Ridge 2. - - :

Figure 5:

Surface view of floe containing Ridges 1 and 2.




RIDGE MEASUREMENTS

Hight and distance between ridge sample sites

HT HT Dist Dist Dist
Ridge A& B C&D A to B CtoD AB to CD
1 2.1m 1.7 nm 45 cm 47 cm 20 m .
2 2.7 m 1.7 m 33 cm 41 cm 25 m
"3 2.1 m 1.8 m 40 cm 43 cm 30 m
4 4 m 3.7 m 63 cm 47 cm 15 m
5 2.1m 1.7 m 21 cm 24 cm 20 m
6 |5.2m (Al)| 1.8m (A2)| —mom | —moe- 18 m
7 1.5 m .6 m 17 cm 21 cm 36 m
8 1.8 m 3.7 m 17 cm 20 cm 27 m
9 .|3.7m 1.8 m 21cm | 37 cm | 46m
10 2.7 m 2.1m 26 cm 22 cm 14 m
HT, HT .- Dist | Dist | . Dist w7 Disr
Ridge A& B C&bD. A to B CtoD AB to CDj: » ¢ B ro [
1 7 ft P 5.5 ft 17.7 in| 18.5 in 65 ft
2 9 ft © 5.5 ft - 13 in| 16.1 in | 82 ft
3 7 ft 6 ft 15.7 in| 16.9 in | 98 ft
4 13 ft 12 ft 24.8 in| 18.5 in 49 ft
5 7 ft 5.5 ft 8.3 in| 9.4 in 65 ft
6 17 ft 6 ft | —————— 59 ft
7 5 ft 2 ft 6.7 in 8.3 in 118 ft
8 6 ft 12 ft 6.7 in 7.9 in 89 ft
9 12 ft 6 ft 8.3 in| 14.6 in 150 ft
10 9 ft 7 ft 10.2 in| 18.7 in 45 ft
~Table 1:
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as close to each other as reasonable without developing drilling difficulties.
The exact spacings were controlled by the geometries of the various ridges. A
brief summary of the general characteristics of the different ridges follows.
Ridges 1 and 2 were located on a large floe that was studied eﬁtensivelyvby.
Vaudrey and his group. Figures 3 and 5 show general air and surface views of
this floe. The Ridge 1 sites were also located on the same ridge where the first
set éf vertical and horizontal cores were collected. Figures 6 and 7 show surface
views of this ridge. It might be remarked that in general the surface expressions
of all the ridges sampled are similar. All show rounded outlines indicating that
theyvhave undergone surface melt. In general, the sufface is covered with a thin
snow cover. The ridge height wvaries in an irrégular pattern as one moves along
the ridge. Figures’S and 9 show two surface views of’Ridge 2 and Figure 10 shows
an ;erial view. Figure 11 shows an aerial view of Ridge 3, note figﬁresﬂfor,scale,;:i: £
The?portion of the ridge studied is located mnear thé boxes inkthe right center - -2 cow

of éhe picture. " Ridge % was high with the drill sites located 4 and 3.7 m above o . .7

théwsufrounding floe (Figures 12 and 13). . This ridge also showed a split exposing ~-ivr
its internal structure (Figure 14). Ridge 5 was a lower ridge located in the

near vicinity of Ridge 4 (Figure 15). Ridge 6 was the highest ridge sampled with

a drill site 5.2 m above the surrounding ice. Surface views of this ridge are

shown in Figures 16 and 17. The blocky nature’of portions of this ridge suggest

that it is composed of second-year ice. This conclusion was also supported by .
the observation that a number of voids were present in the core. 1In fact, the

general condition of ice in this ridge was so poor that coring was terminated

after drilling-only one hole at each site. Ridge 7 was a low ridge that did not

possess any particularly distinguishing features. It is shown in Figures 18 and



Figure 7: Photograph of Ridge 1.
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ure 9:

Photograph

of Ridge 2.




Areal view

of Ridge 3.




Figure 13:

Photograph of Ridge




Figure 15:

Areal view of Ridges 4 and 5.




Figure 17:

Photograph of Ridge 6.

e
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19. Figure 20 shows an aerial view of Ridge 8 which was a long distinctive feature.
Ridges 9 and 10 were both located on the same large floe. Figures Zi and 22 show
views of Ridge 9. An aerial view of Ridge 10 is given‘in Figure 23.
The undeformed multi-year ice that was cored was obtained at a location near
the Vaudrey's hut neaf Ridges 1 and 2. The first set of "matchiﬁg" horizﬁntal
and vertical cores were also obtained from the same general location; on Ridge 1
from an area where Vaudrey's group had quarried ice for test beams. Figure 24
shows this location during the time horizontal coriﬁg was proceeding. . It éhould
also be noted that the continuous core collection frbm a multi-year pressure
ridge was also obtained near here at a location where Vaudrey had installed a
thermistor string. Finally, the second set of matching horizontal and vertical
cores were collected from a large ridge that has split cross-wise thereby allowing
horizontal‘coring. A view of this site is shown ip Figure 25. ﬂ
Tableé 2, 3, and 4 pfeseﬁt data on the 1ength of hole drilled, the estimated

number of specimens obtained, and the amount of core that was shipped to CRREL.

A égiéiro%w467 samples are availab;e from the various multi-year pressure ridges.
that were sampled. It Wés hoped to be able to collect at least 6.samples from
each drill site (there were 4 driil_sites on each rdige). The actual number of
samples obtained at one site varied from 8 to 16. It was also planned to collect
2 samples from ab;ve sea level and 4 samples from below at each site. This
requirement was met and usually exceeded at all sites except at 7C and D where

a low freeboard resulted in only one sample above sea level at each site and at

4A and B where a high freeboard resulted in only 2 samples below sea level at each

site. About 123 samples were collected of undeformed multi-year ice.



Figure 19; Areal view of Ridge 7.




Figure 20: Areal

Figure 21:

Photograph of Ridge 9.




‘Areal view of Ridge 9.

Figuré 22

Areal view of Ridge 10.

Figure' 23
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Figure 24: Horizontal core being obtained at Vaudrey's
ice quatry.
e 5\

Figure 25: Horizontal coring in split ridge.




Depth

Approximate No. of Samples
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Ridge of ‘ Core
Ridge . Height  Penetration Above Below - Length
No Site {m) (m) Sea—-Level Sea-Level Total | Retained
: ! :
1 A 2.1 4.75 1 6 6 12 4.70
B 2,1 5.65 4 10 14 - 5.19
c 1.7 4.30 l 3 6 9 3.73
D 1.7 4.22 3 6 ) 3.48
2 A 2.7 4.53 6 5 11 3.77
B 2.7 5.09 6 6 12 4.82
C 1.7 5.14 3 8 11 4.44
D 1.7 5.37 " 4 5 9 3.61
3 A 2.1 5.47 " 3 8 11 3.99
B 2.1 4,07 5 4 9 3.76
C 1.8 4.46 4 6 10 3.76
D 1.8 3.99 4 5 9 3.57
4 A 4.0 4.68 9 2 11 4.63
B 4.0 4.78 10 2 12 4.78
C 3.7 5.82 3. 7 5 12 4.31 v
D 3.7 5.63 9 5 14 *5.63
5 A 2.1 5.38 7 K: 15 5.28
B 2.1 4.30 6 5 11 4.30
o 1.7 5.92 4 10 14 5.47
D 1.7 5.88 3 10 13 5.29
6 Al 5.2 7.29 7 6 13 4.60
A2 1.8 6.29 5 9 14 5.14
7 A 1.5 5.92 4 9 13 4.81
B 1.5 6.93 3 13 16 6.30
C 0.6 6.07 1 8 9 3.01
D 0.6 5.76 1 9 10 3.30
8 A 1.8 4.68 4 5 9 3.23
B 1.8 5.45 4 8 12 4.16
c 3.7 6.25 6 5 11 3.86
D 3.7 7.00 4 6 10 3.27
Table 2: Data on the coring of multi-year pressure ridges. The symbols H and

V indicate paired sets of Horizontal and Vertical cores from such ridges.
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Depth

Ridge of Approximate No. of Samples Core

" Ridge Height Penetration Above . Below Length

No Site (m) {(m) Sea-Level Sea-Level Total | Retained
9 A 3.7 5.70 7 4 11 3.63
B 3.7 5.12 7 3 10 3.28
c 1.8 5.45 4 7 11 3.63
D 1.8 4.98 4 5 9 . 2,97
10 A 2.7 5.81" 3 6 9 2.94
B 2.7 4.99 4 4 8 2.64
C 2.1 5.73 3 8 11 3.63
D 2.1 5.99 3 7 10 3.63
Total v 204 .84 424 156.54
H 1 4.06 7 2.31
2 3.02 .5 1.66
v 1 2.18 4 1.32
2 2.30 3 1.02
3 2.31 2 .66
4 2.11 3 1.34
H 1 3.26 5 *1.65
2 3.27 3 .99
\' 1 3.30 2 .66
2 3.21 1 .33
3 2.30 3 .99
4 3.18 5 1.65
Total _ 34.50 . , : 43 14.58
Thin-Section and _ 8.18 8.02

Salinity Core

Grand Total 247.52 i 467 179.14




Depth of Core Length

Penetration Total No. Retained
Site v (m) of Samples (m)
Cl 3.35 2 .66
c2 3.56 7 2.31
Cc3 3.31 7 2.31
C4 3.35 6 1.98.
C5 3.17 6 ©1.98
Ccé6 3.32 5 1.65
c7 3.31 5 1.65
c8 3.14 5 1.65
c9 3.31 6 1.98
C10 3.27 6 1.98
Cl1 3.00 6 1.98
C12 3.29 5 1.65
C13 3.20 5 1.65
Ci4 3.28 4 1.35
C15 3.13 5 1.65
cl6 0 3.35 6 1.98
C17 3.10 4 1.35
C18 3.34 5 1.65
Cc19 3.34 5 1.65
Cc20 3.23 4 1.35
C21 B 3.17 7 2.31
C22 3.30 5 1.65
C23 3.13 4 1.35
C24 3.14 3 1.65
Total 78.09 123 40.74
Salinity 3.18 3.18
and Temp.

Table 3: Data on coring of undeformed multi-
year ice.



<% ~ (1) Vertical holes

= core

ﬁmsmnw. ﬁmnmnw Percentage Approx. No.
Ice Cored Cored (m) Retained (m) Retained of Test Specimens
Multiyear pressure wwmmmm ,
204.84 . 156.54 76 424
o (2)  Paired vertical and 34.50 14.58 42 43
horizontal cores . :
(3) Thin section and salinity 8.18 8.02 87 -
Undeformed multiyear ice
(4) Temperature and salinity 3.18 3.18 100 ———
core .
(5) Vertical holes 78.09 40074 52 123
Totals 328.79 1223.06 590

)

Table 4: Summary of core and sample

recovery information.
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There are large variations in the percentage of ice collected to that which
was actually retained (see Table 4). These variations are readily explainable.
Two cores were taken strictly to provide ice for the determination of ice temper-
ature, salinity, and internal structure. In this case, all the ice cored was
retainedv(except for a small, badly shattered segment that was judged unusable
even for these purposes). The ice from the multi—pressure ridges was collected
first during a time when only one person was available to log core. As core
logging was the élowest part of the sampling ﬁrocedure, time was not available to
trim all samples to size. Therefore, an appreciable amount of extra ice was
loaded in order to provide ice for thin sections and additional salinities.
Later when undeformed multi-year ice was being collected, two persons were
logging core, samples were trimmed to 33 cm lengths, and it was not necessary
to collect additional ice for thin sections and salinities. A recovery rate of
607 is probably a reasonable figure to use in plaﬁning future programs-«involving
vertical coring. The low recovery rate (42%) from the two sites where paired
vertical and horizontal cores were collected was caused by the fact that

general quality of the ice at these locations was poor.

Ice Sampling Procedures

Drilling: Four and one-quarter inch'diameter ice cores were obtained with
a fiberglass coring auger specifically designed and fabricated for this study
(see Progress Report 1). The auger was driven by a 3/4-inch, 3/4 HP electric
drill (Figure 26). Power was supplied by a 1700 watt generator. Core was
obtained at depth by attaching CRREL auger extension rods to the core barrel.
To prevent vibration of the extension rods and core barrel down the hole, spacers
having an>0utside diameter of 4 1/4-inches were attached around the extension

{

rods. The new large diameter auger produced high quality ice core up to 120



Figure 26:

Coring ’eq‘u_ipment .



inches in length.

Some problems were encountered in breaking the core, coring in unsound ice,
and on the last day in the field, the upper portiqn of one of the flights on the
auger barrel failed. Efforts to break off the core by engaging the core dogs
in the head proved to be unsuccessful. In fact, on many occasions, the coré
dogs scored the lowef portion of the core sample while attempting to 1ift the
unbroken core up the hole. To break the base of the core from the surrounding
ice, a tee~bar was attached to the core barrel or upper extehsion rod and pounded
with a hammer. The hammer blows generally caused the ice to break at or near the
base of the core. This method of core removal worked, but is certainly unsatis-
factory and must be improved. The core dogs also resulted in other problems;
>Frequent1y,in ice confaining large'Qoids, the core would be turned down by the
core dogs. One or both of the spring loaded dogs would'fall into a void, and as
the core barrel rotated, the core dogs would mill down the core. Agéin the use
of core dogs in core retrieval needs to be reviewéd.w‘ e e e s |

On the last day of the field program, the uppef portion of one'of the flights
on the core barrel failed. During coring, cuttings would accumulate above the
core barrel. When the barrel was lifted, the cuttings compacted and exerted
stress on the top of the auger flights. It is thefefore necessary to reinforce
the auger flights near the top of the barrel. At this -time, the entire length of
flight is only epoxied to thefiberglésstube. It should be noted that another
core barrel was available té obtain 4 1/4-inch diameter core.

Core Measurements: Immediately after the core was retrieved from the ice,

a temperature reading would be tzken in the bottom of the core. This was ac-
complished by drilling a hole into the center of the core with a portable electric

hand drill and inserting a thermistor probe into the ice (Figure 27). While the
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temperature equilibrated, the length of core was measured and the ice was
examined for-suitable strength test samples (Figure 28). Generally, one to three,
33 cm long test samples were obtained from each barrel of ice. The samples were
cut to length with a coarse tooth prunning saw. The lower 5 cm of core, from
which the ice temperature was obtained, was also usually saved for an ice
salinity measurement. This ice was placed in a numbered one-quarter freezer
container. Pieces less than 33 cm long were measured and discarded. It was
reasoned that a 33 cm long sample would be needed for easy machining to final
test specimen dimensions. Both discarded and test ice were cataloged for length
and depth. The position of the temperature and salinity sample were also noted
so that temperature and salinity profiles could be plotted. The test ice was
then placed in numbered core tubes taking note of the core tube number and
position of the test ice in the tube (Figure 29). The core tubes were packed in
wooden boxes lined with insulation for shipment back to Deadhorse. =

In Deadhorse, the core tubes were transferred. to iﬁsulatéd boxes for ship-
ment back to Hanover, Details on ice shipping are given below.” The ice salinity -
samples were melted and salinities were determined with a conductivity bridge
(Figure 30).

Shipping and Storage of Ice Samples

Shipping and storage of the core samples was’an important part of the ice
sampling program; Samples were temporarily stored in Deadhorse and Anchorage and
shipped from Deadhorse to Anchorage and on to Hanover.

During the ice sampling program, air temperatﬁres in the Prudhoe Bay area
remained below -15°C. Since ambient temperatures were close to the NaCl-2H,0
eutectic, -21°C, and because the multi-year ice had a low salinity, usually less

than 4 °/,o (parts per thousand), no special measures were taken to refrigerate



Figure 28: Examining core for suitable

test samples and logging ice.

Figure 29:

Logging site.
containers.

Note core tubes and salinity
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Figure 31:

Crushing dry ice to refrigerate ice samples.
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the samples on the ice or while in Deadhorse. No brine drainage was observed
from the core samples. Had it been unseasonably warm, the core would havé been
packed in dry ice immediately after removal from the ice.

Upon removal from the ice, ice cores were cut to length, cataloged, and
packed in core tubes. In Deadhorse, gaps in the core tubes were packed with
paper to protect the coré ends from damage due to excessive motion during ship-
ment. The core tubes were then placed in insulated shipﬁing boxes. The core
shipping boxes were constructed of heavy-weight, wax-coated cardboard with
three~inch thick styrafoam‘on the bottom, sides, and top of the container. Each
box could accommodate six, meter-long core tubes, snow, and dry ice.

When ten or more shipping boxes were filled with core»samplés, a shipment
of dry ice was ordered from Alaska Gourmet in Anchorage. To avoid problems of
having the dry ice delayed in shipment, the ice was shipped to Deadhorse by

-

Alaska Internatibnal Air Cargo’ (ATA). - When the dry ic€ arrived in Deadhorse;  the iadhawe

ice core boxes were taken to AIA for shipment to Anchorage and packed with snow
and dry ice. Two to three inches of snow were first packed on” top of the core.. ... . .-
‘tubes to prevent thermal cracking of the core caused by direct contact with the -

dry ice. After the snow was in place, two blocks of dry ice were crushed and

spread over the top of the snow in each box (Figure 31). \Originally, each block
of dry ice weighed 25 pounds. About 8 pounds of this were lost in shipment to
Deadhorse due to sublimation. Thus, each shipping box was sent to Ancho?age with
about 35 pounds of dry ice.

To minimize shipping damage and facilitate handling, the boxes were strapped
to wooden pallet; (Figure 32).. Two boxes were placed on each pallet. Instructions
were given to AIA not to stack the pallets more than two pallets high. FREEZE

stickers were also placed on the boxes by CRREL persomnel to alert shippers that
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the boxes should be refrigerated if delayed while in shipment. ATA provided us
with shovels, hammers, pallets, and the banding equipment. They were most

helpful in'assisting us with shipping the ice samples. It should also be
mentioned that they have freezer facilities in Deadhorse, Fairbanks,land Anchorage.
To prevent the ice from being delayed in Deadhorse, or bumped in Fairbanks, the
ice was usually sent priority air freight to Anchorage. Three separate ice
shipments were made from Deadhorse to Anchorage. Airport’Drayage, an expediting
firm in Anchorage, was alerted prior to each ice shipment to Anchorage. They

were provided with shipping information such as air bill number, number of boxes,
etc, Airport Drayage met each shipment as it arrived in Anchorage, inspected the

condition of the dry ice, and moved the ice to our Anchorage storage facility at

:Whitney—Fidalgo Seafoods‘(Figufe 33 ). Storage temperatures were maintained at

—20°F ‘ Alrport Drayage also delivered a large shipment of dry ice from Alaska -~ ...

.

Gourmet to Whltney—Fldalgo, Just prior to shipping the ice south.

All the shlpplng boxes stlll contalned dry ice when they arrived in Anchorage.

About half the dry ice in each box was lost after sitting in Deadhorse for 36 ... .«

hours and the 3 hour flight to Anchorage (stopped in Fairbanks).

At the completion of the field sampling program, two CRREL personnel went
to Anchorage to prepare and arrange shipment of the ice samples to Hanover.
Each of the 41 ice shipping boxes were opened at Whitney—FidalgO“and repacked with
dry ice. About 75 pounds of dry ice were packed in each géx. After charging the
boxes with dry icé, the boxes were rebanded to the pallets. 'This took about 9
hours.

The next day Airport Drayage took the boxes to Flying Tigers for shipment to
Boston. Prior arrangements were made with Flying Tigers to have the ice shipped

from Anchorage to New York and then transferred to a cargo flight to Boston.

in
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The boxes were to leave Anchorage at 10:00 am and arrive in Boston at 8:30 am the
next morning (about 18 hours after leaving the cold storage facility). Unfortu-
nately, there was insufficient room on the 747 aircraft when it arrived in
Anchorage. Since our boxes were already packed with dry ice, the shipment was
split. Thirty-four boxes wereiremoved from their pallets fo save space and .
shipped as previously arranged. The remaining 7 boxes were shipped later that
day to Seattle, Chicago, and then on to Boston. They arrived in Boston the
next evening, about 28 hours after leaving Whitney-Fidalgo.
Fach shipment was met in Boston by CRREL personnel. The icé was taken to
Hanover in a reefer truck at a temperature of -20°F. When the iée arrived at
CRREL the ice was moved to CRREL's core storage room at -30°C. This cold room «::: - it
has a back-up refrigeration system:. All the boxes arrived in Hanover in'good -~~~ = - -

condition containing large amounts of dry ice.... .t wry wice.

COﬁhé;rthan haﬁihg the ice éhipment split, only two probleﬁs were encountered - SR
during this pértion of the pfogram. Twice, dry ice shipmenta to Deadhorse were et e
dela;éd. The first time our shipment was confused with a shipment for Exxon. On

another occasion, the dry ice manufacturing plant broke down. The other problem

was discovered in Anchorage. The storage facility at Whitney-Fidalgo was colder

than temperatures in Prudhoe Bay and most of the arctic clothing was already

shipped south. This certainly was our coldest day in Alaska.

Development of Eqpiﬁment and Testing Techniques L

Just prior to and after the field program, work concentrated on preparing
adequate samples for testiﬁg. Desirable tolerances are given in Table 5. To
prepare samples to these tolerance a lathe and milling machine were purchased by
Shell and sent to CRREL. After the equipment arrived, they were wired in a cold

room, degreased, and cleaned. Special jigs were also designed and fabricated to

10
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)hold the samples on the lathe and milling machine. Presently, it is planned to
turn ‘down the field samples to 4 inch diameter test specimens on the lathe. Both
the lathe and milling machine are being considered to cut the samples to length
and prepare the ends. Using the lathe to face off the specimen ends insures end
squareness; however, this requires two steps and two special set-ups on the
lathe. On the milling machine the ends can be prepared by either vertical or
horizontal milling. Preliminary trials on the milling.machine show that vertical
milling tends to round off the corners of the test specimen. Hofizontal milling
or slabbing may prove to be better. At this time, we are familiarizing ourselves
with the operation of the equipment and getting a handle on optimum rotational
and traverse speeds and depths of cut to produce high tolerance test specimens. -

T Small modifications have been made to the radial strain measurement devices -

to ease placement of the gauges on the sample. In addition, a special jig has

been made to position both the axial "and radial strain measurement devices on the lovices

test specimens. - Other jigs have been designed and fabricated to center the test

spe;iﬁégr;ﬂd piatens on the MTIS machine. A cold plate was also made to minimize * =~ —*~
heat transfer through the” lower actuator on the teéting machine. -

CRREL has borrowed a 7 channel analog Ampex recorder from Shell. The
MIS technician is nOW’familiarizing himself with its operation and means to

2

interface the recorder to our test system.

11
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SAMPLE.PREPARATION TOLERANCES
Diameter, D ' D > 10-(grain size)
Preferably D > 20-(grain
size)
Length, L ' L/D > 2.0

Preferably L/D = 2.5
End Flatness Better thén 0.0005 in.

' End Parallelism~~ -~-7::~ - Within 0.001 D or e
0.004 inches o 7! Ingres

End Squaréness’“ 7 ---o - Square to the sample =« roe wl
axis to within 0.06° - - =b- -
or 0.004 inches.. _.

Straightﬁeés of7'~ - MStraight”to within ;if;f“ v e
Cylinder Surface 0.001 inches

Diameter'Unifdfmity*““m Tied £ D éhould,not-vary more’ wot vary more
' than 0.001 inches over :* - = ooy

the length of the sample 7 rhe =nmniv

Table 5: Desirable sémble tolerances



Introduction

This progress report describes work performed in the Mechanical Properties
of Multi-year Sea Ice study from 1 June to 1. October  1981. Dﬁfing this period
a series of uniaxial compression tests were performed to évaluatekthe platens and
axial strain measurement devices describéd in Progress Report 1. As the test
results were unsatisfactory, sample preparation methods, platens, andkstrain
measurement devices were re-evaluated. This resulted in new testing techniques
and procedures for uniaxial compression. The revised methods and a summary of the
test results ére presented in this report.'

We are now ready to perform a production run of high-quality uhiaxial comprés—
sion tests at a constant strain-rate of 10 °/sec at -20 and -5°C. Tests at a strain-
rate of 10 3/sec require more work.

During the field sampling program a core of presumably undeformed multi-year
sea ice was obtained and shipped to CRREL for salinity and petrographic analysis.

The salinity and a preliminary discussion of the structure of the core are preseﬁted.
It is interesting to note that the core contained columnar ice and fine-grained
crystals which appear to be frazil.

Equations have also been derived to calculate the air volume of sea ice given
the ice salinty, temperature, and density. Unlike previous investigators, the
presence of solid salts is considered. As the salinity of multi-year sea ice is much
lower than that of first-year sea ice, brine volume effects on ice strength may be

over~shadowed by the effect of the air volume or total porosity of the ice.
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Developmeﬁt of Testing Equipment and Techniques

.We ﬁave continued to refine the techniques to be used in uniaxial compressioh‘
testing and havé givep tension and triaxial testings further consideration;
Various types of platens have beén evaluated and we have gone throughISéveral

iterations on measuring axial strain.

Platens: Three types of platens have been considered for use in this study: steel,

compliant flexane, and bonded synthane. Originally, it was planned to use the
compliant platens deScribed in ProgressbRéport 1 (Figure 1) for»cémpreésion testing.
It was reasoned that at low strain-rates the closed-loop machine’response would be
able to compenséte fér the softness ofvthe platen. At high straiﬁ—rates another
type of platen might have to bechnsidered. The bonded synthane end caps (Figure 2)
also described in Progresé Report 1, were to be used in tension tests.

In a number of tests té evaluate axial strain measurement techniques on right
circular cylinders the compliant platens consistently resulted in sample failure
near the end planés of the specimen, not in the central portion of the sample.
Initially, it was believed that the ice was weaker near the specimen ends as the
samples were not homogeneous. However, after several end failﬁres, this explanétion
was rejected. The objective of using compliant platens was to subject the specimen
ends to uniférm pressure while éermitting radial expénsion of the ice due to the
Poisson effect. However, relative to the central position of the specimen, the
expansion at the ends was excessive. Figures 3 and 4 show test specimens after
tests at a displacement rate of lO'“in/éec., Similar results were obtained using
steel platens and this type of platen was also rejected. It should be noted that
specimen ends were square and parailel to within 0.003 inches. Sample preparation
was not regarded as being the problem.

It was later learned that Exxon Production Research uses steel platens in uni-

axial compression testing of ice. To prevent excessive radial expansion at the
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Figure 2:

Synthane end caps




Figure 4: End failure using compliant platens



specimen ends, circular grooves are machined on the platen surface.

.In ofder fq minimize failure in ;he end planes of the specimén it was decided
to use bonded sYnthaﬁe end daps;on the compression speéimené; In addition,'iﬁ wés:
also decided to use slightly dumbelled'éamples. Rather than using right circular
cylinders having a diameter §f 4-inches, dumbell’s with 4.2 inch diameter ends-and a
4-inch diameter reduced centerjsection will be used iﬁ the compression tests. The radius
of curvature of the fillet at the ends of the specimen was chosen to be 8 inches.
Previous photo-elastic studies by Mellor have shown that fillets having a radius of
curvature of 2 diémeters minimize stress concentrations near the eﬁds. vWithout the
fiilets, there appears to be a tendency for the ice to chip at the ends of the specimen.
The use of bonded synthane end caps also standardizes our sample preparation procedures

as these end caps will be used in both tension and compression tests.

Sample Preparation: The samples for compression tests are now prepared in the
following manner. The core is first cut to ébout 10 1/4-inches in leﬁgth with a
pruning saw in the ice machine shop at 59F (-15°C). 1It is then placed in a horizontal
jig on the milling machine where the ends are milled square to the specimen axis.

A 10-inch long right circular cylinder is produceéed having a diameter of 4.2 inches.
The samplebis then weighed and measured with a dial caliper to determine its

density.

During this time, the end caps are being prepared for bonding in another cold
room at 32°F (0°C). Prior to freezing the end caps to thg sample, the hairy surface
of the end caps are saturated with fresh water at 329F (0°C). Once saturated, the
bottom end cap is placed, hairy surface up, in a jig, a 13-inch long split mold
having an inner diameter of 4.206 inches. The inner diameter of the jig is equal
to the outer diameter of the end caps at 32°F (0°C). The mold is then bolted
together and a 1/8-inch layer of ice water is placed on the hairy sufface of the end

cap. At this point the cold sample is brought into the room and inserted into the



jlg until it comes into contact with the end cap. Five minutes is thén allowed

for the sample to freezé to the end cap. After the end cap is bonded, thg mold

is taken apart. The above procedure is then repeated to bond the top end cap to the
sample. o

Once the end caps are bonded to the samﬁlé, the éample is returned to the
ice machine shop where it’is £ufned aown on the lathe. An 8eiﬁch radigs cutﬁing
tool is used tb turn the sample down to 4 inches iﬁ diameter and produce the slight
fillets at each end.

It should be noted thaﬁ és the mold is 13 inches long, and the end cap- sample-
end cap is 14 inches long, use of the mold results‘in precise alignment of the upper
and lower end caps. - Since the end caps are square, the ends of the‘capped samplé
are squére and parallel. Typically, the capped ends are parallel to within 0.003
inches. The high side of the sample is determined én)abcomparitor and marked.
Later, when the sampleiis placed in the MTS machine, steel shim stock is used to
take up the slack on the low side of the éample.

Axial Strain Measurements: We have gone through several iterations to measure the

axial strain on the gauge length or center portion of the sample. All methods
involved the use of DCDTs on opposite sides of the specimen.

The first jig used to measure axial strain is shown in Figure 5. Spring loaded
pins were used to hold the upper and lower frames on the sample. The frames were
positioned with a split mold (Figure 6). At the time we were not using bonded
end caps on the sample. A fully instrumented specimen is' shown in Figure 7. This
figure also shows two radial strain measurement devices on the sampie which are
discussed later. The frames used to hold the axial DCDTs proved to be unstable.

They were easily disturbed by handling and movement cof the DCDT wires during testing.
Furthermore, at large strains the ice deforms in an irregular manner. This caused

the DCDT core rods to bind in the transducer cores. The frames were discarded.



Figure 5: First jig used to measure axial strain on test
sample,

Figure 6: Split mold used to position DCDT frames on sample.



Figure 7: Fully Iinstrumented specimen using
first generation strain measurement
devices.



The next attempt to measure large axial strains on the sample is shown in
Figure 8. The upper and lower frames were made of thin—walled fiberglass tubing‘
which were held in position with teflon scréws. As the iée expanded during compres-
sion the frame would deform. Unlike the previous set-up the DCDT core réds were not
directly attached to the core rod holder frame. Instead, the DCDT cores were attached
to fhe uppef frame andbthe‘core rods'fested on pedistals ﬁhich were éttached tb thek
lower frame. Without a rigid connection.between the core rods and frame, the_corea
‘rods did not bind at large strains. Hardware for positioﬁing and aligning thev
frames on the sample is also shown in Figure 8.

This method of attachihg the DCDTs to the sample was also rejected. As it
turned out the fibergiass tubing was too stiff and after large strains the teflon
screws dug into the sample. 1In addition, the deformed sample would come into contact
with the frame (Figure 9). Increasing the diameter of the frame or decreasing its
wall thickness would probably result in an unstable set-up as in the previous
attempt. Fortunately, the concept of resting the DCDTs on pedistals proved to be
succéssful and was included in the next trial.

The method that was finally adopted to measure axial strain on the sample
is shown in Figure 10. Again the DCDT.core rod rests on a pedistal which is attached
to the lower portion of the sample. Both the DCDT core and the pedistal are
supported by teflon feet which afe attached to the sample by o-rings. Details on
the teflon feet and method to attach the'axial strain gauge to the sample will
be given in the next progress report when photographs of the procedure are available.

In this technique two axial strain gauges are attached to opposite sides of
the sample. The use of o-rings to support the teflon feet allow each of the gauges
to function independently. This is desirable in that preliminary tests have
shown that the sample deformation at large strains is quite irregular. Classic

barreling of the sample is the exception rather than the rule. At large strains the



Figure 8§

Second attempt at measuring axial
strains.



-

Figure 9:

Failed sample using second generation axial
strain measurement device.



Figure 10: Method finally adopted to measure
axial strain.



DCDT core rods usually fall off the pedistals. However, at this point in the test
the strain of the sample is probably best represented by the strain measured between
the end caps on the specimen. This strain is measured by an extensometer mounted
between the end caps whose output is used to control the strain rate of the test in
the closed-loop system.

Radial Strain Measurements: The radial strain transducer shown on an ice sample in

Figure 7 was our first and last attempt to meésure radial displacements across the
diameter of the test specimen. As in our first éttempt to measure axial strains,
the DCDT core rods tended to bind in the DCDT cores. Since measurement of radial
displacements were of secondary importance, little progress was made to improve this
technique.

During the evaluation of the bonded end caps and axial strain transducers, it
became apparent that measurement of diametrical expansion of the sample may be
misleading after initial yielding of the sample. Radial deformation of the test
samples at large strains varied considerablly both along the axis of the sample and
in a given cross-section. It was decided that measuring the circumferential strain
at one or more positions in the middle portion of the sample would be more meaningful.
We have ordered a circumferential strain measurement kit from MTS for testing and
evaluation.

Strain-Rate Control: A technique has been developed to perform constant strain-rate

tests. Basically an MTS extensometer is connected between the end caps on the sample
and the output is used to control the full sample deformation rate. Since a
photograph or sketch of the set-up is not available at this time, the technique

will be described in detail in the next progress report. Preliminary tests have
shown that a uniform constant strain-rate can be obtained at 10~5/sec. At

higher rates the strain rate is cyclic and not constant. This may be due to the
instrumentation or tuning of the MTS machine. An MTS service representative has been

scheduled to check out the MTS system.



Structure and Salinity of Multi-year Sea Ice

Previous Work: Little is known about the structure of multi-year sea ice. The

limited work that has been performed on multi-year ice has largely focused on the
horizontal layers that are produced by the summer melt cycle. The reason for
this interest is that the annual layering allo&s one to establish a minimum age
for thick floes of pack ice. Previous to these studies, age estimates were based
upon subjective criteria such as the amount of pressuring and the detailed
morphology of the ice sﬁrface. Age estimates have also been made from the ice
thickness and from the locations of.the maxima and minima in the salinity profiles
(Savel'ev, 1958); Although there 1s a general tendency to form a low salinity
layer on the underside of the ice during the summer melt period, this salinity
distribution is rapidly modified by brine migration and is difficult to use in
estimating ice age except in extremely simple cases.

The first study of a horizontal "translucent-longitudinal" section of a
thick (291 cm) thick ice floe was by Shumskii (1955) when in July of 1954 he made
a brief visit to the drifting station SP-3. As a result of above-freezing
temperatures during the period of field work, very few detailed observatioﬁs
were made. The ice was divided into 2 main types, infiltrated (0-38 cm) and normal
sea ice (38-291 cm). The infiltered ice layer was described as resembling the
firn of arctic glaciers and contained 4 distinguishable layers which were inter-
preted as annual. The normal sea ice was also classified into 2 types. The
upper part (38 to 150 cm) contained lens-like irregular strata that were believed
to be the result of thaw cycles. These strata were absent in the lower portion
(150 to 291 cm) of the ice. Shumskii reasoned that the lower portion of the sea
ice (141 cm thick) was formed after the end of the thaw period while the 4-years

accumulation of infiltered ice was forming at the surface of the ice sheet. The



upper 112 cm of the sea ice waé believed to be older. The total age of the floe
was estimated at not less than 6 to 7 years. Shumskii also suggested that the
presence of infiltered ice indicates that the snow line in the central arctic

is presently at sea level.

Following this preliminary study, detailed investigatiops of the horizontal
layering in pack ice were made on SP-4 (Cherepanov, 1957) and Station Alpha
(Schwarzacher, 1959). It was found that the annual layering is readily observable
in the lower part of the ice sheet and less clearly defined nearer the upper
surface where the effects of the summer melt are more pronounced. Cherepanov
found 10 recognizable annual layers in a 335 cm thick floe (Figure It ) while
Schwarzacher found either 7 or 8 layers in a 345 thick floe. The boundaries
between the annual layers were of 2 different types. The most common is a thin
(2-5 mm) layer of milky white ice with a sharp upper and an irregular lower
boundary. The detaiis of the formation of this layer are not known but it
apparently develops during the period when the ice growth has stopped. The
milky color of the layer may, in some way, be connected with the biological
activity beneath the ice surface during the summer months. The formation of the
milky layer is apparentiy not associated with either the recrystallization or
the nucleation of new grains since when ice growth starts in the fall in most cases
the crystals of the previous winter take up growth again with the same crystal-
lographic orientation (Schwarzacher, 1959).

The other type of summer layer is considerably thicker (1 to 10 cm) and
shows a sharp decrease in grain size relative to theMOVerlying winter ice. The
grain shapes on this layer have been described as slightly elongated in the
vertical direction. The c-axes orientations are in general horizontal but they

show deviations up to 30 degrees (Schwarzacher, 1957). 1In the ice studied by
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Cherepanov the crystals were equi-axed and the orientation was random. This ice
does not show the platy substructure so characteristic of sea ice and has a much
lower salinity (1 to 1.5°/,.) then the surroun@ing ice. The formation of this

type of annual layer is believed to be the result of the formation of a stable
layer of fresh melt water between the lower surface of the ice and the underlying
dense sea water during the summer. This process has been known for some time
(Malmgren, 1972) and has been described in considerable detail on Station Alpha

by Untersteiner and Badgley (1958). They found that many of the fresh water melt
ponds that developed during the‘summer drained through core holes forming an
irregular layer of fresh water between the ice and the sea water. At the interface
between the fresh (0°C) and salt water (-1.6°C), ice crystals formed and floated
upward until the fresh water layer was filled with a mesh of fragile crystals.

When the crystals forming at the frésh—salt water boundary could no longer rise,
the formation of a solid layer of fresh water ice began. The formation of such

a layer is to be expected under any floe occupied by a scientific station because
the large number of core holes drilled in the floe for technical studies facilitate
the rapid transfer of melt water to the underside of the ice. On an unoccupied
floe early in the melt period, melt water willveither be channeled into open

leads where wave action will favor mixing with the sea water or it will form

large melt pools toward the interior of the floe. Only later in the melt period
when deterioration is far advanced do drainage hcoles form in all areas of the floe
(Bennington, 1959). Even during this period, the lower density of the fresh

melt water inhibits it from percolationg completely through the floe. When a fresh
water layer does form, it is usually localized under the thinner portions of the
ice floe and is particularly prevalent near open leads. This layer, if preserved

by freezing, is very useful as a marker; Cherepanov found that 4 out of the 9



annual boundaries in the NP-4 floe were marked by "fresh" ice layers (Figure I} ).
On the other hand, Schwarzacher (1959) has noted from examination of a large number
of cores in the vicinity of Station Alpha that the "fresh'" ice layers do not
contribute significantly to the total ice growth.

Schwarzacher (1959) observed that the top 50 cm of the floes he examined.
contained ice which formed at or near the upper surface of the floe. This ice was
predominantly the result of the freezing of melt-water pools that form during the
summer and was characterized by c-axes vertical orientations. A fine grained
granular ice may also be formed by snow falling in the melt water pools producing
a slush and subsequent freezing of this mixture. This melting and refreezing
associated with the upper ice surface tends to obliterate the annual layering in
the upper part of the ice sheet and makes the accurate estimation of the age of
the ice in a floe difficult if only one cross-section is examined. For example
of the 150 cores collected by Schwarzacher in the summer of 1958 from areas that
did not show signs of old pressure ridges, only 25 percent consisted of undisturbed
ice and only 2 percent were sufficiently unaltered to show an annual layering
throughout the complete thickness of the floe (8 layers to 1950). 1Inasmuch as
neither Schwarzacher, Cherepanov, or Bennington observed any annual stratification
or superimposed firn, this casts considerable doubt on Shumskii's suggestion that
the snow line in the central arctic is presently at sea level. Both Cherepanov
and Schwarzacher have noted that the formation of infiltered ice is strictly local
and is highly dependent upon the details of the surfgce relief. If infiltered ice
forms at all it will form in small depressed areas where old heavy snow drifts
are present. In most areas on both NP-4 and Alpha both the snow cover and 20 to
30 cm of ice thawed during the summer (Untersteiner, 1961). It therefore seems
quite likely that the ice identified by Schumskii as superimposed firn was actually

ice formed by melting and refreezing in the upper part of the ice sheet. If this
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is the case, the SP-3 floe would be a minimﬁm of 9 years old instead of 6 or 7
as suggested by Shumskii.

One interesting aspect of the freezing of the fresh water layers that can
form beneath multi-year ice floes is that the heat transfer rates are 5 to 10
times those calculated assuming that all heat transfer is by thermal diffusion
(Martin and Kauffman, 1974). What appears to happen is as follows. When the
surface melt flows off the pack into the ocean, and ultimately beneath the ice,
we have an ice layer at its melting point (~0°C) underlain by a nearly fresh-
water layer at its freezing point (n0°C), in turn underlain by sea water at its
freezing point (-1.8°C). At the boundary between the fresh and the sea water
a zone of water forms which, because of the rapid diffusion of heat relative to
salt and the fact that the density of water with a salinity of <24.7°/,, decreases
on cooling, is both supercooled and less dense than the overlying water. The
density distribution is unstable with a Rayleigh number of 103 to 10" and free
convection results. When this supercocoled water rises, it is nucleated by the
overlying ice layer and forms a mesh of thin vertical interlocking ice crystals
that ultimately grow down to the fresh water-sea water interface. At this time
the presence of ice crystals throughout the compelte thickness of the fresh water
layer eliminates supercooling, constrains both temperature and salinity to lie on
the freezing curve and permits them to diffuse in the vertical direction until
both quantities become horizontally uniform. The combination of these processes
results in the lateral growth of the ice crystals which continues until a horizontal
ice sheet forms. Excellent photographs showing the growth of ice crystals during
a laboratory simulation of this process can be found in Martin and Kauffman (1974).

The only detailed petrographic analysis of multi-year sea ice are those

performed by Gow et al (1981) in Antarctica. A total of 66 floes were sampled in



the Weddell Sea pack ice, 12 of which are believed to be multiyear. In addition

to columnar or congelation ice, the floes contained significant amounts of frazil
ice. Congelation ice is formed by the direct freezing of sea water on the bottom
of the existing ice sheet, whereas frazil ice is derived from small crystals
nucleated in the water column. Two multi-year floes in excess of 4 m in thickness
contained more than 607% frazil ice. Generally, the frazil crystals varied in

size from 0.4 to 4 mm and were sometimes layered indicating several episodes of
frazil formation. The congelation ice also frequently exhibited a preferred c-axis
orientation in the plane of the sheet as observed in Arctic sea ice.

Salinity data for multi-year sea ice are scattered throughout the literature.
The most comprehensive studies are those of Schwarzacher (1959) and Cox and Weeks
(1974). Average salinity profiles from both these studies are presented in Figure
12. Schwarzacher's average profile, Curve C, is based on the'salinity profiles
of 40 cores. This mean profile is commonly quoted in the literature and has
served as a basis for a variety of calculations in which the salinity profile
of multi-year sea ice are important.

Unfortunately, Schwarzacher (1959) did not comnsider the effects of the surface
topography on the ice salinity profile. Cox and Weeks (1974) later showed that
the salinity profiles from cores collected from areas beneath surface hummocks
were characteristically different than those collected from areas beneath surface
depressions. In Figure 12, Curve A is an average hummock salinity profile based
on 7 cores and Curve B is an average depression salinity profile based on lO‘cores.

The low salt content of the upper portions of the hummocks is probably due to
brine drainage by flushing. Flushing is similar to gravity drainage in that the
brine moves through interconnected tubes and cavities. The force to overcome

capillary retention is the hydrostatic heat produced when snow or ice melts on
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the surface. Cox and Weeks (19745 observed that the average salinity of the upper
meter of the ice decreased with increasing freeboard of the ice sheet.

The high salinity of the upper portion of the depression profiles is not
understood. It is possible that the depressions were once melt holes in the floe
an& consisted of first-year sea ice. However, observations in the general area
of the sampling site the previous summer suggested that this was not the case.

Salinity and Structure Core: During the ice sampling program in this project

continuous cores were obtained from the upper portion of the ice sheet from a
multi-vear ridge and from an area of presumably undeformed multi-year sea ice.
These cores were obtained for detailed salinity and structure analyses. A
preliminary analysis of the undeformed multi-year sea ice core has been completed.
Photographs of both horizontal and vertical thin sections in crossed polarized
light from this core are prgsented in Figures |3 throughi9 . The upper 9 cm of
the core consists of fine~grained slush or snow ice underlain by randomly oriented
congelation ice. From 45 to 170 cm the columnar ice exhibits a preferred, nearly
horizontal c-axis alignment. Crystals are about 0.5 cm in diameter. As the
crystals are not exactly vertical, the ice sheet was probably deflected by the
nearby pressure ridge. At 170 cm we encounter a thin frazil layer followed by a
thin layer of congelation ice. 3Beneath 190 cm the remaining core consists of
frazil ice of varying grain size. The salinity profile for the core and a
schematic structural profile are presented in Figure ZC.

Surprisingly, about 457 of the core is composed of frazil ice. We believe that
theupper 190 cm of the core are the remains of the first year growth. The underiying
frazil was probably formed the following fall. There doesn't appear to be any
correlation between the ice type and salinity.

Based on the observations of Gow et al. (1981) and the results of this core

analysis, frazil ice may be more wide—spread than originally believed. This is
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the surface. Cox and Weeks (1974) observed that the average salinity of the upper
meter of the ice decreased with increasing freeboard of the ice sheet.

The high salinity of the upper portion of the depression pr6fi1es is not
understood. It is possible that the depressions were once melt holes in the floe
and consisted of first-year sea ice. iHowever, observations in the_general area
of the sampling site the previous summer suggested that this was not the case.

Salinity and Structure Core: During the ice sampling program in this project

continuous cores were obtained from the upper portion of the ice sheet from a
multi-year ridge and from an area of présumably undeformed multi-~year sea ice.
These cores were obtained for detailed salinity and structure analyses. A
prelimihary analysis of the undeformed multi-year sea ice core has been completed.
Photographs of both horizontal and vertical thin sections in crossed polarized
light from this core are presented in Figures |3 through!9 . The upper 9 cm of
the core consists of fine-grained slush or snow ice underlain by randomly oriented
congelation ice. From 45 to 170 cm the columnar ice exhibits a preferred, nearly
horizontal c-axis alignment. Crystals are about 0.5 cm in diameter. As the
crystals are not exactly vertical, the ice sheet was probably deflected by the
nearby pressure ridge. At 170 cm we encounter a thin frazil layer followed by a
thin layer of congelation ice. Beneath 190 cm the remaining core consists of
frazil ice of varying graih size. The salinity profile for the core and a
schematic structural profile are presented in Figure 20.

Surprisingly, about 4537% of the core is composed of frazil ice. We believe that
theupper 190 cm of the core are the remains of the first year growth. The underiying
frazil was probably formed the following fall. There doesn't appear to be any
correlation between the ice type and salinity.

Based on the observations of Gow et al. (1981) and the results of this core

analysis, frazil ice may be more wide-spread than originally believed. This is



Structure of core of undeformed multi-year sea ice.
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Figure 18: Structure of core of undeformed multi-year sea ice.
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Figure 20: Salinity and structure of undeformed multi-year sea ice core.
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significant in that ice thicknesses may be greater than those predicted by normal
congelation growth an& Wang (1979) has shown that fine-grained, granular sea ice
is stronger than columnar ice.

Prior to these observations, frazil ice was thought to account for only the
top 5% or so of the ice cover, with congelation or columnar ice providing the wvast
majority of the structural type (95%) of most sea ice. This condition has been found
in fast ice regimes in the Arctic Basin (Weeks and Gow, 1978, 1980), in the
Labrador Sea (Weeks and Lee, 1958) and more recently in the fast ice region of
Antarctica near McMurdo Sound (Gow et al., 1981).

In ice edge regions and in large polynyas where substantial open water can be
maintained, Martin and others described frazil ice plumes and features such as
pancakes, that could conceivably result in frazil ice thicknesses of up to a meter
prior to the onset and domination of congelation structure (columnar ice crystals).

Work in the Weddell Sea has, howe&er, indicated even greater potential for
frazil growth. A serious revision of the importance and distribution of frazil ice
structure, at least for the Antarctic pack ice regions, appears to be in order.

If frazil ice is more widespread than once believed, mechanisms for ice-ocean
interaction must also be modified.

Mechanisms of Frazil Generation in Oceans: To generate fine grained ice structure

in freezing from thé melt, the observations from rivers, lakes, and oceans

settle on one necessary condition, namely turbulence. Frazil generation originates
as a result of large-scale (>cm scale) mixing of waters and has been likened to a
blizzard (an upside down one) in the water column in its development. Some

basic differences exist, both in the momentum and heat flow characteristics of
rivers and oceans that need distinction however. In rivers, the turbulence is

nearly always purely mechanically derived from accelerations in the flow by indreasing



discharge, varying bed geometry (falls and rapids) or the like. Although the
literature is not clear on this point it appears that a threshold velocity of 0.6
m/sec is necessary under freezing conditions to allow the onset of frazil formation
(Ashton, pers. comm.). The constraint is primarily a mechanical one; while frazil
generation requires efficient heat transfer between the cold atmosphere and the water,
sufficient mechanical shear is necessary to mix the flow and carry the newly formed
ice crystals aﬁay before a complete skim of ice can form. In the ocean, these
mechanical influences are much less pronounced leading to a search for different
sources of the turbulence. In oceans we speculate four possible sources of
turbulence that can affect freezing conditions leading to frazil formation. The
first three of these are essentially localized processes: |

(1) Wind and wave induced turbulence. This effect can only account for
limited frazil production in wide leads, polynyas and near ice edges due to the
extreme damping of these effects when a significant percentage of ice covers the
surface.

(2) Water which is at a depressed freezing point due to pressure at depth
and is suddenly adiabatically brought to the surface (Foldvik and Kvinge 1974).
Water of this type typically exists under large ice shelves and the ascent occurs
near the front. If this were the only mechanism to make frazil bne might expect
the frequency of frazil structured fioes to increase as the ice shelves are
approached. WNo correlation of this type was observed in the Weddell Sea or the
Arctic. TFurthermore, the amount of ice production available by this mechanism
(since freezing point depression is only a few tenths of a degree) does not seem
compatible with the amount of frazil structure observed (v50%Z of the observed struc-
ture).

(3) Contact between two water masses of significantly different salinity, but

both at their freezing point. We discuss this point further in relation to multi-



year ice structure since one source of this type of ice forms in Arctic under-ice
melt ponds (of primarily fresh water) which drains into the ocean from melting
surface ice and is stratified due to density differences. Freezing then occurs

due to double diffusion (transfer of heat at a faster rate than salt) from the

cold (<-19C) sea water and the fresh water on top of it (Martin 1974). Another
region appears to be in river or glacier drainage regions where fresh water intrudes
in contact with colder sea water which is below the fresh water freezing point.
Again these effects are local in the regions they affect.

| A process of sufficient generality and occurring over a broad enough region

to account for much of the observed production is: (4) thermohaline convection
initiated by surface cooling and freezing. Figure 2! indicates some differences
between Arctic and Antarctic water column structure that indicates some potential
for the observed structure. In general, the mixed layer in the Antarctic is con-
siderably deeper than in the Arctic and totally at its local freezing point. Martin
(1974), in a study of ice stalactites, indicated that the heat loss of a descending
brine plume in their tanks could be as much as 50% accounted for by frazil production
when the water was at its freezing point. As the temperature of the brine plume is
closer to the freezing point of the surrounding water, there is less tendency for
stalactite forms to occur implying all the heat loss could be taken out by frazil ice
formation. We note however that in Martin and'Kaufmann's study they indicated the
frazil crystals appeared to be entrained downward with the descending plume. More
likely is the frazil crystals are generated in waters adjacent to the descending
plume for two reasons. One effect is buoyancy, that is the energy necessary to
force an ice crystal downward with a density defect approaching 10% compared to

surrounding waters is considerable and much larger than the relative density
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differences that can lead to water column overturning. Secondly, if the waters

of a descending cold brine plume are entraining surrounding waters

then the mixture will also be in equilibrium at its freezing point, that is there
should not be any ice production, merely a more saline mixture at a temperature
intermediate between the cold brine plume and the surrounding water. A simpler
mechanism that preserves the buoyant characteristic of the ice cryétals and still
allows ice production at depth is to maintain the integrity of the descending brine
plume and allow it to gain heat at a different rate than salt. This is known as

double diffusion and has been observed in several other contexts in the ocean

(e.g. Turner, 1974). In this mechanism, the descending brine plume gains heat

but diffuses salt at a much lower rate thereby cooling adjacent waters to temperatures
below their freezing point (at their given salinity). An ice crystal is then
nucleated, rises due to buoyancy and the remaining water also descends at a new
equilibrium freezing temperature and salinity. While the process appears to be
diffusion limited by the ability to extract heat from the brine plume, the convection
is continuously strengthened by the ice formation so the effect is a convection
cascade which should quite effectively use the heat sink of the brine plume and
establish a circulation boosting the convective process at each stage. Based on

the observed structures of frazil ice in the Weddell Sea, we also see that frazil
forms under thicker ice. Advecting surface generated frazil downward underneath

this thicker ice is again a problem of overcoming strong buoyancy forces in the
upward direction. A generation mechanism whereby ice crystals are formed at

depth due to thermohaline convection is not constrained in this way. Descending
brine plumes in leads and polynyas will set up a local circulation that could

bring the ascending arm (containing some of the frazil) underneath adjoining ice.
Also, substantial shear uspally exists between the ice and the water column due

to wind action on the ice so motion of the ice cover would tend to bring a different



piece (possibly thicker) into position over the ascending frazil crystals, if
they are formed at depths greater than a few meters.

None of the above mentioned mechanisms have been detailed to any substantial
degree. Whether they do indeed account for the observed frazil ice structures and
whether frazil structures are more wi&e spread than previously thought or are only
an anomaly of the Weddell Region and our multi-year sea ice sampling area remain

the subjects for future theoretical and field work.



Uniaxial Compression Tests

A series of constant displacement rate, uniaxial compression tests were per-
formed to evaluate the bonded synthane end caps and the '"teflon feet" axial strain
measurement device. The tests were conducted at a temperature of 20 to 21°F (-6.0
to -6.5°C) at constant displacement rates of 107%, 1073, and 1072 in./sec.
Considering that thevsamples were 10 inches in length and that the tests were
performed on a stiff ﬁachine (250,000 pounds capacity), the displacement rates
approximate full sample strain-rates of 1075, 107%, and 10”3/sec, respectively.

In general, the bonded synthane end caps and axial strain measurement device
functioned properly. The ice usually failed away from the sample end planes and
the axial strain measurement device provided good data up to, and beyond yielding
of the sample. Only at large strains did the core rod fall off the pedistal.

A partial summary of the test results are given in Table ! . More detailed
information is presented in Appendix A. T nax is the peak stress during the
test and € ax and tmax are the strain and time of failure, respectively. Si is
the ice salinity, o the density, and n the total porosity (air and brine). Some
comments on the ice structure are also given. An analysis of the elastic modulii
and several petrographic analyses still need to be performed.

Typical force-displacement curves are given in Figures 22 through.24-. The
displacements are those measured on the sample gauge length (5.5 inches) by the
DCDTs. The peak stress for each of the tests are plotted against displacement
rate in Figure 25

In general, the failure strength increases with displacement or strain-rate.
As the ice salinity, temperature, and porosity are similar for all the samples, the
variation in strength at a given displacement rate is best explained by the ice
structure. Samples consisting of columnar cyrstals havinga near horizontal and
aligned c-axes are the strongest. Samples containing fine to medium grained frazil

or granualr crystals are weaker. These trends are consistent with those reported
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Peak stress versus displacement rate for undeformed
multi-year sea ice in uniaxial compression.



by Wang (1979) for first-year sea ice and comparison of the results to Wang's data
indicétes that, indeed, multi-year ice is stronger. This is contrary to the data
recently presented by Timco and Frederking (1980). Weare not surprised that the

multi-year ice is stronger in that the salinity and porosity of multi-~year sea ice

are lower.



Equations for Determining Air Volume

Equations are presented in Appendix B to calculate the air and brine volume
of sea ice given the ice salinity, temperature, and density. The presence of
solid salts in the ice is considered in the air volume equations. In additionm,
equations are also given to recalculate the air and brine volumes if the ice sample
temperature is changed. The air volume equations are more precise and cover a
wider temperature range than that given by Schwerdtfeger (1963) and eliminate

the lengthy arithmetic calculations if Assur's (1960) phase table is used.



REFERENCES

Bennington, K.O0. (1959) Preliminary report on sea ice crystal fabrics on Station
Charlie. In '"Semi-Annual Report 1 December 1959, Drifting Station Charlie,”
Project Husky Nonr. 477(24) T.0. 307-252.

Cherepanov, N.V. (1957) Using the methods of crystal optics for determining the
age of drift ice (in Russian). Problemy Arktiki, 2:179-84.

Cox, G.F.N. and W.F. Weeks (1974) Salinity variations in sea ice. Jourmal of
Glaciology, 13(67), 109-20.

Foldvik, A. and T. Kvinge (1974) Conditional instability of sea water at the
freezing point, Deep Sea Research, Vol. 21, pp. 169-74.

Gow, A.J., S.F. Ackley, W.F. Weeks, and J.W. Govoni (1981) Physical and structural
characteristics of Antarctic sea ice. Third Int. Symp. Antarct. Glaciol.,
Ohio State Univ. Annals of Glaciology.

Malmgren, F. (1927) On the properties of sea ice. Sci. Res. Norwegian North
Pole Exped. with the '"Maud', 1918-1925, Vol. 1, No. 5, 67 pp.

Martin, S. (1974) Ice stalactites: comparison of a laminar flow theory with
experiment. Journal of Fluid Mechanics, 63(1), 51-79.

Martin, S. and P. Kauffman (1974) The evolution of under-ice melt ponds, or
double diffusion at the freezing point. Journal of Fluid Mechanics,
64(3), 507-527.

Savel'ev, B.A. (1963) Structure, composition, and properties of the ice cover
. of sea and fresh waters (in Russian), Izd. Moskovskogo Univ. 541 pp.

Schwarzacher, W. (1959) Pack-ice studies in the Arctic Ocean. Journmal of
Geophysical Research, 64, 2357-2367.

‘Shumskii, P.A. (1955) K izucheniiu 1l'dov Severnogo Ledovitogo okeana (A study of
ice in the Arctic Ocean). Vestnik Akademii Nauk SSSR, 25, No. 2, 33-38.

Timco, G.W. and Frederking, R.M.W. (1980) Compressive strength of multi-year ridge
ice. Workshop on Sea Ice Ridges, Calgary, Alberta, 22-24, October, 1980.

Turner, J.S. (1973) Buoyancy Effects in Fluids, Cambridge Press, 367 pp.

Untersteiner, N. (1961) On the mass and heat budget of arctic sea ice. Arch.
Meteorol. Geophys. Biok. 12, 151-182.

Wang, Y.S. (1979) Crystallographic studies and strength tests of field ice
in the Alaskan Beaufort Sea. In POAC '79 Proceedings, p. 651-665. Trondheim,
Norway. :



Weeks, W.F. and A.J. Gow (1978) Preferred crystal orientations along the margins
of the Arctic Ocean. Journal of Geophysical Research 84(Cl0), p. 5105-21.

Weeks, W.F. and A.J. Gow (1980) Crystal alignments in the fast ice of arctic
Alaska. Journal of Geophysical Research 85 (C2), p. 1137-46.

Weeks, W.F. and 0.S. Lee (1958) Observations on the physical properties of sea ice
at Hopedale, Labrador. Arctic 11, 134-155.



APPENDIX A

Uniaxial Compression Test Data*

* Data available at time of progress report. Not corplete.



C3-228/254
Uniaxial Compression
Displacement rate: 10™% in/sec.

Temperature; 219F (-6.1°C)

salinity: 0.9%/o

Density: 0.906 g/cm® (56.6 lbs/f£3)

Brine Volume: 7.4%/.o

Air Volumé: 14.2°/ 40

Porosity: 21.60/00.

Structure: 60%7 granular .

40% colummar in center portion of sample.
grain size variable, see photos

oj = 338 psi € = (0.38%
max max

t = 576 sec
max
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C2-315/341

Uniaxial compression
Displacement rate: 10~% in/sec.

Temperature: 20°F (-6.5°)

Salinity: 2.0°/40
Density: —--

Brine Volume: ~15.6%/,0
Air Volume: ---

Porosity: ---

Structure: Mostly medium grained columnar crystals with

random orientation.

some granular ice, L

o = 154 psi 3 = 0.23%
max max

t = 438 sec
max

L

= 4.4 mmy W - 2.7 mm
1.9 mm.




(ACREY BN PRT T d S NMIHAYD MW

, 1AA _,uN S m'fm ‘. [RER R ~¢m.m. = sm T SW mf.r,_pmu Q auﬂ»m
” y . - i ~

W ).z = B. S EEREY | ww = M W ez s P Ly by o= PREANS ELVIR LS L9 AV sl
: woliod

m
5L -3dd - L FE[GlE -2



oy

S




Al e

¥3



Gmm TeccriPToN

Savee No. 02‘3/5:/3 g/
@ 62—3/{'

ad ol e propriss é o i SAMPLE

(Germ LENGTH © %y mm

K) TOTAL LENGTH 6F TEST  LINE ! _f/( rrm

A
LERGTH oF GRAIN = §J

- ./ cam(rEsvng)
= _,!7"‘"_{____ rnnq( ACT'JAL)

-

-

(36nms \IDTH 2.2, 7 _rmm

A) TOTAL LENGTE OF TEST LINE % 7Z mm

B) TOPTAL K2 OF i ETTcTIONS :.?2 J’

[ A1 -

B
= ﬁ_ mm(&EAD!,'Jg)
= _‘Z’__Z—— Ynm (AC—TUAL>

W

WIDTH O



Samprz No. Cyczr.g/,fj/f_f}//
@ LC2-3,35"

‘Gerin Descripmion

30 90 SAMPLE

M e‘CL ﬁ(’mw.:A@

Gran Lene™ 12 37 rmm

"A) TOTRAL (ENGTH 6F TEST LINE 3 5/ iy

/7

W(DTH 4 A?o ?

Geain N

A) TOTAL LENEGTR & TEST LiNE S f3 v

B)"?T)T'RL ND. 0F WNTERSELTIONS. 22

‘3) TOTAL Wb, OF INTERSECTIONGS
A A
LENGT™ ¢F GRAN = & LENGTH ¢F &GRaAI = = P
s =
2.
0/ i {REACING) : 28 ., (Raonxg
3 7 mrn(Acn)m,) = ’.?LZ— mm(ht‘ﬂ.«%?
2.7
Gean  DescriPhon
Vo SAMPLE
GRAIN LENGTH | mm (Gean  Wiomy ¢ Mn
s-r LhNe T M A) TITAL LSMETH o7 TeEST LINEL ram

A> TETAL LENgGT F

a) T2TRL 1N0.8F  INTERSESCTIONS§

A
LeENeTH oF GRaIN = &

B

M ( ?D\Dh\)g)

—— ram( A‘Uum.)

P>\) TTM. K0 . 0F INTERCEST S 4

A
Lene™ o ceawn= B

: — mm( ?EADNJQ)

M (AcTuAL_)



Senoe no. C 2'3/5,//5’%‘/
@ 23757

Gean DesceisTion ©

;//r/ﬁg. P 10 Slo sawvrLE
7 -
GEAIN SIZE: A

-
&) TOTAL LENGTH oF TEST LINE: 25 rm

6) TTRL  NO. 5F (NTERSECTIONS % A #

A
B

i

GRAIN SIZE

- L3 rm (EEAD)M&,)

- _é_.z—_. i (ALTUAL)

Gram  TescriPTion ¢

Y SAMPLE

Gran  Size s mrA

A) TAL LENGTH & TesT LINES e

45‘) THTHAL RNo. §F INTERSETIONS ¢

-

Ll
=

1

GRAIN SIZE

— YY\M(READJNQ)

- ——— . mMm (N.TuAL)



Gﬁmu TecciPTON L

Srnee No & 2 '5/{//5" 74
@ c239/

' ﬂa S it ot fLE 2 S Z SAMPLE

Gepin LENASTH : 17/‘ C o

— e e

&) ToTAL LENGTE gF TEST  LINE :__{_Q_ e

— -
3) (VTRL NO. R punELCIZo TIsNS ',/fl'j

LEDGTH oF GRAIN =

- J.RZ ram (?EEQDW(‘D

= ié‘q_ .\'r\h-\(A(.TUAL)

-

-

Gran wur;m:_?z o

A) TOTAL LENGTR OF TEST LINE , £/ ram

~
3) TYTAL 12 o nriecscmens s 73

A

WIDTH OF ERAIL T E
2 273 wn(zEnomeg)
- 3.9 e [A(.TUAL)



. CZ- s34 P RBROTTOM

, s
x *
X .
X *
R
%
\
\ .
X
N
N

~

’ \

. x

x
7
"l
. Kex
)(x;/’



C4-177/203

Uniaxial compression
Displacement rate: 10 % in/sec

Temperature: 21°F (-6.2°C)

Salinity: 1.7°/.0

Density: 0.913 g/cm® (57.0 lbs/ft3)

Brine Volume: 13.8°/,,

Air Volume: 7.8%/4

quosity: 21.6°/40

Structure: 1007 columnar (congelation)
C-axes 859 from vertical

alignment ~80°
L=26.7mmW=3.9 mn

o] = 445 psi € = 0.30%

max
t = 408 sec
max
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C2-168-194

Uniaxial compression
Displacement rate: 10™“ in/sec.

Temperature: 20°F (—6.S°C)

Salinity:"l.Qg/oo‘_ _ -

DenSity: O.917Vg/cmé’ (57.2 lbs/ff3) ”

Brine Volume: 14.9°/40

Air Volume: 3.7°/°o

Porosity: 18.6°/co

Structure: ~97% columnar (congelation)
: C-axes V70% from vertical

alignment ~30°
L=5.1mm W= 2.4 mm.

o = 680 psi e = 0.16%
max max

t = 414 sec
max
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C2-282/308
Uniaxial compression
Displacement rate: 107" in/sec

Temperature: 20°F (-6J5°C)

Salinity: 1.7%/qo
Density: ~=~

"Brine Volume: ~13.3°/,,
Air Volume: -—-
Porosity: =—--

Structure: ~25% columnar (lrg. frazil plates?)
no strong preferred orientation
L=10mm, W=2.9 mm
75% granular - coarse
L=34mm, W=2.8m

g = 383 psi £ = 0.32%
max max

t = 402 sec
S Tmax .




¢

Wgz = M S W g F g R SHIYAD  TIYWS ww e = B..
Wwipz s f wwgl = SNIY ADAVT ww Oy = 1
WOl 108 | 0L

.
»

s0¢/782 -2

1$31-33d



POST - TEST

»
*

C2-282 /308

"’?iu?‘ﬂi":

gy




401,




G?Jx\u TecciPTIor

Sruere No.C 2 -’28’2/3 g
@ CZ"BOV

)

(‘0 Pt et gl desin S0

-

% SAMPLE

Geans LEMNGTH 2 10 mm

Ky ToTaL LENGTH & TEST LINE (2.5
6) TYTRL NO. €F uTEESIZ TIONS ‘../é
A
LENGTH oF  RAIN = &
- 70 rem (READING)

g/7 5 2 { = _/ J mhq(AC_TUAL)

Pt

-

v 8 )
33 7

Gean quﬂ-l:ﬁ(.é/ ram

AY TOITAL LENGTH OF TEST LINE |, 20

B) TITAL 19D OF 1ITiRSTeToNS ¢ 22

WIDTH ¢F &EFRAIN = &

U5 T mm(.eeaou-u.)

- Yl o (Ac,TUAL)



LEHATY  oF GRAIN =

Gean  DesceiPnon g

W ol

[ . ‘ — 1
e (,;/'\ ""-"\!,v(: NO- Q:?:__?.- g._(.) ,.':5_. ,‘i}.:)
(@ _C2-30&
"LeAIN DeoceiPnon -
Aod on L O To SAMPLE
[
Geein Lene™ - '23 a2 Grean WIiDT - pod 7 nrn
A) TUTRL  LENGMH §F TEST LINE & 30 ™ A) ToTAL LENGTR 6% TE<T Ling S, __72, rom
'%> TOTRL  w0.. oF nTeERSEcTionegy /0 "3) TYTHRL ND.6F INTERSECTIONE. A/

A
LENeTH OF CRAwI = &

= o vam (BEADING) z 2l mm(SZaDuxQ
= %} W\M(ALTUAL) , : 924-1—— mm(h(,T‘-Jh?

Lo d oo =20 Y saveus
ceamn Lenenl L 7 wam Geam wiotd: 27 o
A> TOTRL  LZENGTH (F TEST LINE 3£ e A)'{-;T‘Al_ LENLTY ov TEeT LINE 2 Si- mm
B) TTRL MO.OF INTERSELTINCY ,.____.__../é BY T 0. 0F wrERZEcTas s 20
A £
LENGTH 6F GEamwn = B Lenem o eeanl: E
_ <0 _
= ——— mm( RenDing) - - L7 enm( REATING )
2.7

K

mm (A'Uvm_) AR . (Acmm_)



Geaw TeccriPTON:

Sampe No C2-2¢z-302
@ _C2-2%z |

Colunpre,: 75 " samme

Gean  LEMGTH < er mm

K) TOTALJL‘ENGT}% 6F TEST LINE :3_5__mm

B) TYTRL NO. 6T jutECCze onNS o 23

LENGTH of LRAIN

-

A
B
17

O rrrm ( ACTUA

-
-

R

e 2% P22

3 7 /=
L
2.7

5.9

ram (READING)

v/

-
Gramn wiptH : 3,/ mm

A) TITAL LENGTR OF TEST LWE Y %Y rmm

B) TOTAL o, OF HITLESSeTIeNS S sY

A
B

[ 2 mrn (262& D c,)
3l e (ﬁchAL)

WIDTH 0F GRAIMN =

1

W



C3-161/187

Uniaxial compression
Displacement rate: 10 3 in/sec

Temperature: 21°F (-6.1°C)

Salinity: 1.8%/ o

Density: 0.911 g/cm® (56.9 1bs/ft3)
Brine Volume: 14.8%/50

Air Volume: 10.1%/,

Porosity: .24.9°/oo

Structure: largely columnar
c-axes horizontal with no
Ereferred orientation

L=8.2mm, W=5.9m

o = 585 psi € = 0.30%
max max

t = 52 sec
max
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C3-261/287
Uniaxial Compression
Displacement rate: 1073 in/sec

Temperature: 21°F (~6.1°0C)

Salinity: 1.6%/ 00
Density: 0.915 g/cm? (57.1 1bs/ft3)
Brine Volume: 13.2°%/ 60 |
Air Volume: 5.5°/qo

Porosity: 18.7%/50

Structure: Largely columnar
L=6.2m, W=23.9mm

o} = 706 psi
max max
t = 34 sec
max
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C3-79/105
Uniaxial compression
Displacement rate: 1073 in/sec

Temperature: 20°F (-6.5°C)

Sélinity: 1.9%/60
Density: ——

Brine Volume: n14.8%/,,
Air Volume: —_—
Porosity: —-——

Structure: klOOZ columnar (congelation)

g = 1532 psi € = 0.70%
max max

t = 70 sec
max
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C4-909/116

Uniaxial C

ompression

Displacement rate: 1072 in/sec

Temperatur

Salinity:

-Density:

e: 21°F (—6.0°C)

1-50/00

0.913 g/cm®  (57.0 1bs/ft3)

Brine Volume: 12.5%/.6

Air Volume: 7.5%/s0

Porosity:

Structure:

o) = 126
max

20.0%/40

100%Z columnar

c-axes horizontal
alignment 40° (top)
L=7.6mm, W=2.6m

5 psi € = 0.137%
max

t = 3 sec
max
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C3-128/154
Uniaxial Compression
Displacement rate: 1072 in/sec

Temperature: 20°F (-6.500)

Salinity: 1.5% o0
Density: -—-

Brine Volume: ~11.7%/40
Air Volume: ===
Porosity: ——-

Structure: 100% columnar

o = 1243 psi £ = 0.10%
max max

t = 4 gec
max
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C3-36/61
Uniaﬁial Compression
Displacement rate: 10”2 in/sec

Temperature: 20°F (-6.5°C)

Salinity: 1.1%/.0
Density: -—{

Brine Volume: "8.6°%/,5
Air Volume: ~-~
Porosity: =——-

Structure: lafgely columnar

o =1683 psi e = 0.27%
max max

t = 5 sec
max
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'APPENDIX B

Equations for Determining the AT
Volume and Brine Volume of Sea Ice




INTRODUCTION

A knowledge of the total porosity of sea ice is important in interpreting
its physical properties. It has been showh, both theoretically and experimentally,
that the mechanical properties of sea ice vary with the ice brine volume (Wéeks‘and
Assur, 1969). However, not only is the ice brine volume important, but also its
air or gas volume. This is particularly true for low salinity sea ice, that is; where the
ice air volume may make up a considerable portion of its total porosity.

The air volume of sea ice can be calculated given the ice density, salinity,
and temperature. Generally, Assur's (1960) phase diagram table (Table III, p. 31)
is used to perform such calculations. This table gives the relative masses of
the different components in standard sea ice at two degree temperature intervals.
From the density of the various components, the theoretical, or air-free density is
calculated and compared to the measured density to determine the air volume.
However, since the table is based on an ice salinity of 34.325 ©/co, it is first
necessary to reduce the data to the appropriate ice salinity. This is done by
dividing all the components, except pure ice, by Si/34.325 where S; is the ice
salinity in parts per thousand. The mass of pure ice is then 1000g minus the total
mass of brine and precipitated salts. Even though these calculations are straight-
forward, they are time consuming and prone to arithematic errors.

Schwerdtfeger (1963) presents an equation to calculate the air volume of seé
ice above -8.2°C, the NajS0O4-10H,O eutectic. He neglects the presence of solid
salts and assumes that the volume of brine is equal to that of pure water. For
warm sea ice these are reasonable assumptions, and Schwerdtfeger's equation gives a
difference of only 2 to 3 ©/oo when compared to the method presented in this paper.
However, in sea ice having very low air volumes, these differences are significant.

It should also be noted that Assur's (1960) brine volume table and the brine
volume equations based on this table derived by Frankenstein and Garner (1967)
assume an ice density of 0.926g/cm3. Consequently, these reports should be used

with caution in air volume calculations. The brine volume obtained from these



sources should be multiplied by)0/0.926, where/O is the measured ice density in
g/cms, to determine the brine volume for a given sea ice density.

Equations are derived and presented in this report from which the air volume
and brine volume cén be directly calculated given the ice salinity, temperature, and
density. The equations cover the temperature range from -20C to -30°C and consider
the presence of solid salts. Equations are also given to calculate sea ice density
and the variation of air and brine volume ofva sea ice sample, if the temperéture

of the sample is changed from the temperatufe at which the ice density was obtained.

DERIVATION OF EQUATIONS

| A sample of sea ice is composed of pure ice, brine, solid salts, and air.
In determining the air volume of sea ice we are interested in the relative masses
“and volumes of the different oomponents at a given ice salinity, temperature,

and bulk density

-

In the derlvatlons to follow mf, /Qzand.vg are the mass den51ty, and volume of

component 2 where ‘the subscrlpts a, b, i, s, and ss denote the component air, brlne,

pure ice, salt, and solid salts, respectively. M is the bulk mass and./athe bulk

den51ty The terms mg and m S denote the mass of salt in the brine and mass of

salt in the solid salts, respectively.

Brine Volume

The salinity of the ice, S;, is defined as:

b ss
S =8 = Ms * M3 (1)
M My + Mgg + my '
The mass of air in the ice is negligible. The salinity of the brine, Sy, is

defined as:

b
Sp =15 (2
M



From these two relations we can derive an equation for the brine leume of
sea ice. It should be noted that the brine salinity and relative amounts of salt
in the brine and solid salts are unique functions of ice temperature_via’phase_
relations. |

From Equation (1)

= mSS b
MSi =mg” + mg
and _
b
g = MSl - mgs
or
b b
mg~ = MS; - km
where
SS
k=05
mP
S
Solving for mg and noting from Equation (2) that
b .
mg” =P eVpSp
we obtain _
Vb QS (1 &)

where Vy/V is the relative brine volume. If we neglect the salts in the solid

salts, k=0, Equation (3) reduces to

b= P8
V 1 ——
£ b5y
as derived by Weeks (1968).

Since the brine density can be approximated by (Zubov, 1945; and Cox and

Weeks, 1975):
/b =1+ 0.0008 S



.where Sy is in 0/00, and because Sy and k are unique functions of temperature, the

relative brine volume can be expressed as

Vb _ PSi

v F1(I) : B3]
where S; is in 9/00, /0 is in g/em3, and

R = A5 (1K) | N (5)

Values for Fy (T) are given in Table 1 and plotted against temperature in
Figure 1. The lines through the data in Figure 1 are least-squares curves of the
form _ -
1(T) = ap *+ opT + azT™ + a4T (6)
where T is the ice 'temperature (°C).
. Coefficients for the curves are given in Table 2.

Solid Salts Volume

Also, via phase relations, the mass of solid salts is proportidnal to the mass
of brine at a given temperature, that is
mgg = Cmy. ' (N
The relative volume of solid salts, Vgs/V, is then equal to

Vss =C _B y_h ' ,
7o ,@ss v | | @)

where /%s is the average solid salt density assumed to be constant at 1.5 g/c:m3 .

Pure Ice Volume

The mass of pure ice is equal to
mp =M-m - mgg
or from Equation (7)
m =M - (1+C)m,
Since m; = /oiVi
M = /QV
my = fb Vp




T s  kx 103 C x 103 F; (T) F,(T)

b
©°C)  (%/00) , ' (g/cm) |
-2 37.6 0 o - 38.731 0.123
-4 70.6 0.554 0.148 74.662 0.151
-6 199.8 1.050 0.387. 107.876 0.177
-8 126.5 1.400 0.660 139,441 10.199
-10 142.8 55.277 18.256 | 167.865 0.222
-12 157.6 84.141 30.493 192.378 - 0.240
_14 171.5 97.627 38421 214,143 0.256
_16 184.4 106.330 44,952 234.033 0.271
-18 197.0 112.570 50.808 253.588 0.284
20 209.9 118.078 56.851 . 274.074 0.298
22 222.6 123.090 63.015 294.496 0.312
.24 230.5 509.787 217.168 412.236 0.394
-26 232.7 1312.694 537.697  638.433 0.556
-28 234.1 2065.827  sa2.3m 852.171 0.708
-30 235.6 2685.708 1098. 887 1032.102 0.836

Table 1: Values for Sy, k, C, Fl(T), and F»(T) at different temperatures.
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Figure 1. Function F;(T) versus temperature. Curve determined by method of least-squares.
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we have
= /OV - (1+0) /Obe
Solving for the relative pure ice volume, V;/V, we obtain:

V.

2= -1+ 0f y | (9)
C b ¥ e

Air Volume

The relative air volume, V /V, is equal to

Va =1-Vb -Vp -V (10)
A \Y A Y

Substituting Equation's (4), (8), and (9) into Equation (10) we obtain

Vo = 1- +Yb__<(1+C).b-’ -1 (11)
i 2 BB

Since /OSS is assumed to be constant and C, /Ob, and Pi are functions of

temperature, Equation (11) can be simplified to

Vg = S E2(M | (12)
A ,ﬂ /0 (T)
where '

Fp(T) = -1 (13)

(1+0Pb -cp
[?7’1 /Z’—s

Values for F7(T) are given in Table 1 and plotted against temperature in
Figure 2. The lines through the data in Figure Z are also least-squares curves
of the form

Fp(T) = a1 + G.ZT + az 12 + a4T3 (14)
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| Coefficients for these curves are given in Table 2. In determining
the value 'of F,(T) at a given temperature, the pure ice density was calculated
from (Pounder, 1965):
Py (g/en®) = 0.918 - 1.403 x 1074T(oC)

Sea Ice Density

The sea ice density can be found from Equation (12) by solving for/O :

=(1-V i F1(T) -
F ( V-)( ﬁiﬁ@f%mj—> s)

Unlike the calculated densities given in Schwerdtfeger (1963) and Anderson
(1960), this equation considers the presence of both air and solid salts in the

ice.

Air Volume at Another Temperature

The air volume and brine volume of sea ice are determined by measuring
the volume and mass of the ice sample at a given temperature and the salinity of
the melted sample. Since the air volume and brine volume are dependent upon
the bulk ice density which varies with temperature, the air and brine volumes
of a giveﬁ sample will change with teﬁperature. If tests are conducted at a
temperature different than the temperature at which the bulk density was
determined, the air and brine volumes must be recalculated.

Equations are now derived to calculate the air and brine volumes at a
temperature which differs from the temperature at which the ice density was
determined. Primed variables denote the initial value of the different variables,
ie.,atT-= Tl'
It is first assumed that the brine and air pockets are wéter connected.

From Equation (4) we know that

Vp = M 54
1




Since the mass and salinity of the ice do not change with temperature

vy = ! K

(16)
F1(M
From Equation (11) we also know that
Vi = Fz(5;,T) (17)
V - Va i
where
Fz(S;,T) = Si ' (18)
F, (D)= LIS Fp (D)
Thus,
(19)

Vi = (V - V.)F3 (Si,T)
Wl WD 6L

Substituting Equation (16) into Equation (19) and solving for Vu/V we

obtain
Vg =1- (1- Vgl F3l(s;,T) F{i(T
Va ( _%__) 37(5i,T) F17 (D)
\Y v (20)
F3 (S;,T) Fy (T)
The brine volume is then determined from Equation (17):
%Q- = (1- %ﬁ) Fz (5;,T) (21)

If the brine and air pockets are not comnected, a change in air volume
may also take place if the ice is warmed, that is, as less dense ice is melted

to dilute the brine. In this case, the new air volume is equal to

Va =Val +1-Fsd (si,m) Fim)
v v BTLh Ty (22)

If the brine and air pockets are not connected and the ice is cooled, the
air volume will not change. However, due to phase changes, some brine will be

lost from the sample as a result of brine expulsion. An estimate of the amount



of brine loss can be obtained from the brine expulsion equations given in Cox

and Weeks (1975).

DISCUSSION

In gddition to presenting a new set of equations to calculate the air volﬁme'
of sea ice, it is instructive to determine whether or not it is important to
consider the presence of solid salts in such calculations.

For sea ice above -8.2°C, Schwerdtfeger (1963) calculates the relative air

volume of sea ice from , ,
Vs =1 - 1000 -S; + 4,98 54 (23)
ya ﬁé%j i i
\ 100 ( 0917 T ) .

where/C)is in g/cm3, Si in ©/oo, and T in °C. He neglects the presence of

solid salts and assumes that the volume of brine in the ice is equal to the volume
of pure water. If we neglect the presence of solid salts in our equations,

Equation (12) simplifies to
Va ='1-é spsif 1 -1 (24)
v ( i)/03,15</51 Fb> -

The results from Equafions (23) and (24) are compared to the results.from
Equation (12) in Table 3. The air volume of sea ice of different salinities, -
densities, and temperatures are calculated using these three equations.
Schwerdtfeger's results are given in Column 1, our results neglecting solid
salts in Colum 2, and our results considering solid salts in Column 3.

All the calculated values at a given salinity, density, and temperature
are in close agreement. This indicates that even for sea ice below the NaCl-Z2H0
eutectic temperature, negiecting the presence of solid salts in air volume
calculations is a reasonable assumption. For warm, high density sea ice (0.930

g/cms), Schwerdtfeger's value differs by 1.8 %/00, or nearly 100%. However,



AIR VOLUME CALCULATIONS

S; =1 %00 _
T /D(g/cm3)
o8 1 9‘%§¥l 3 1 94%?41 3 1 9;%%31 3
-6 31.1  31.8 31.8 9.4 10.0 10.0 - - -
-10 : 32,0 32.1 10.2  10.4 - - -
-20 33.4  33.4 11.7  11.7 - - -
-30 34.8° 34.6 13.1  12.9 - - -
Si = 10 O/oo
T | P (g/en’)
0 0.890 0.910 0.930

1 2 3 1 2 3 1 2 3
-6 46.5 44.9  44.8 25.1 23.5 23.3 3.7 2.0 1.9
-10 42.7  42.7 2.2 212 - - -
-20 42.2  42.1 20.7 20.6 - - -

-30 43.1 41.0 21.6 19.4 - - -

Table 3: Air volume (°/oo) calculations from three methods for sea ice
having different densities, salinities and temperatures (see
text for explanation).



the brine volume of this ice is relatively much greater (85.1 ©/00)

and there is little difference in the total ice porosity.

CONCLUSIONS
| Equations have been derived tb quickly calculate the air volume of sea
ice considering the presence and absence of solid salts. The results show that
neglecting the presence of solid salts is a reasonable assumption. However,
in this era of computers and sophisticated hand calculators, we recommend
not neglecting the presence of solid salts and the use of Equation (12) to

calculate the air volume of sea ice.
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INTRODUCTION

This progress report describes the work performed in the Mechanical
éfoperties of Multi-year Sea Ice Study from 1 October 1981 to 1 February
1982. During this period abouﬁ 90 uniaxial compression tests were per-

IR
formed and partially analyzed; work continued on the develoypent of suit~-
able uniaxial tension, constant load, and triaxial testingfge%hniques; and
we began preparing for the Phase II field‘sampling program.

Most of the uniaxial compression test results from Production Run 1
were presented at the December Participants Meeting in Houston. This
report contains an up-to-—date compilation of the test data and a prelimi-
nary analysis of the variation of ice strength within and between multi-
year pressure ridges. Data are presented on the effect of porosity on ice
strength., We alsoc give an evaiuation on the effect of sample squareness on
our results.

At the conclusion of Production Run 1, we began to look at the ice

structure from a representative number of ice samples. The status of this

effort is reviewed.

With regard to testing techniques, we have completed a series of tests
to determine the bond strength between the ice and our synthane end caps.

This information is being used to size our tension specimens. The constant

load test equipment has been designed and fabricated. We are now con-

ducting “wafm" room tests to check out the equipment. We have also com-
B S /\\

pleted a conceptual de;;;;\Bf"Eftriaxial cell for our test program.

Preparation for the Phase II field program is well underway. The

12-inch diameter core barrel has been fabricated. A commercial drilling



rig has been purchased to support and drive the auger. Once the drilling
rig is modified, the large auger will be tested in our ice pit. As part of
fhase II, we have built a jig to obtain hqrizontal 4.,2-inch diameter
samples from the 12-inch core and have put together some Braz;l testing
equipment. A series of Brazil tests will be conducted on pgi:s of ice
samples in the field and laboratory to assess the effects %ffice shipment
and storage on ice strength.

PRODUCTION RUN 1 RESULTS

During Production Run 1, about 90 uniaxial compression tests were per-
formed on multi-year ridge ice samplés at two different temperatures and
strain~-rates. Before bresenting the test results, it is helpful to con-
sider how the compression samples are instruﬁented. A photograph of an in-
strumented test sample is shown in Figure 1. Two DCDTs are mounted on
opposite sides of the sample to measure the axial strain of the specimen on
the céhter portion (5.5 inches) of the specimen. An extensometer is also
connected between two aluminium rings which are attached to the‘end caps.
The extensometer provides a measurement of the axial strain over the entire
sample length (10 inches) and is used to control the strain~rate on our

T
closed-loop testing machine.

Data tables and force-displacement cruves from Production Run 1 were
distributed at the December Participants Meeting in Houston. Up-to-date

data tables are given in Tabies 1 through 8., The data are grouped ac-—

cording to the sample position in the ridge, test strain-rate, and test

e e e et e e e ° P

temperature.,

e



Figure 1:

Instrumented uniaxial compression sample.



1t Questionable

€ ML

Table 1: o = 107" Iwec, 2 = abave sea level, T & «5°%C (23°F)
B N ! T "
¥ Sample No. Vo Eam “a tm LR o te Ei !-Zo Eo S1 P Yy Va n °e/°n . Squareness (in)
psi  (GL)X (FS)T smec psi (FS)X aec (GL) - (G (FS) o/oo 1b/ft? ofoo o/o0 a/oo ice end cap shim
psi(x10®) :
R1A = OR2/089 443 0,731 [T 344 234 5.0 S000 1.66 0143 0,130 1.R 55.05 17.1 41.9 59.0 0.528 0,080 0,028
RIE ~ 062/0D49 100 0.37 165 214 5.0 SO00 0,973 0,298 a.0886 0,3 54,54 2.8 48,4 51.3 0.652 0022 0L.044 038
RIA = 140/165 . 388 0.66° 0.08 633 254 5.0 5000 0.804 0.0588 0.0571 0.1 56.77 1.0 9.1 10.1 0.655 6.010 0.007 (ST
... R2B.- 094/121 171 G.11 0.16 156 176 5.0 5000 0.563 0.155 0.107 49.42 1.029 0.005 0.004 0O
“R3A - 106/131 342 0.46 0.86 855 251 5.0 5000 0.654 0.0743 0.0398 0.6 55.61 S.8 30.1 35.9 0.734 0.007 0.006 .00t
R3B ~ 1617187 308 0.36 0.36 360 207 5.0 5000 0.598 0.0856 (1.0856 57.01 0.672 0,010 0.007 0.00¢
R4A = 312/338 283 0.47 0.47 465 193 5.0 5000 0.703 0.0602° 0.0602 1.6 53.92 14.9 61.2 76.1 0.682 0.006 0.019 B.018
R4B ~ 328/354 253 0.40 G.62 615 166 5.0 5000 0.411 0.0633 0,0480 56.20 . 0.656 0.011 0.003¢ 0.01C
RSA =~ 165/191 619 0.24 .22 217 274 5.0 5000 1.50 0.258 0.281 56.67 0.443 0.007 0.003 0.002
R5B - 075/101 774 0.19 0.20 201 246 5.0 5000 * 1.18 0.407 0.387 54.35 6.318 0.006 0.001 None
R7A - 059/085 361 0.47  0.59 588 253 5.0 5000 0.804 0.0768 0.0612 1.7 54.37 15.9 53.6 69.5 0.701 0.603 0.001 None
R7B ~ 126/152 240 0.49  0.47 468 207 5.0 5000 6.603 0.,0490 0.0511 0.4 51.90 3.6 94.6 - 98.2 0.863 0.014 0.002
RBA - 133/159% 245 0.34  0.33 333 208 5.0 5000 0.675 C.0721 0.0742 1.0 55.93 9.7 2}}8 - 34,5 0.849 0.003 0.002 0.002
R8B ~ 162/189 336 06.37 Q.47 473 235 5.0 5000 0.560 0.0908 0.0715 56.45 0.699 0.006 0.005 Q0.004
1 Questionable
Table 2: ¢ = 10~ /sec, z = below sea level, T = =5°C. (23°F)
Sample No, 99 € t. %, €, <, B, Eo Eo si p vy Ve n c:e/a“l Squareness (in)
psi (GL)X (FS)% sec psi (FS)Z sec (GL) (GL) (FS) ofoo 1b/ft? o/oo o/oo o/o0 ice end cap shim
pei(x10%)
RIA =~ 226/252 214 0.21 0.17 173 124 5.0 5000 0.916 0.101 0.126 57.09 0.579 0.061 0.035 0.032
R1A - 399/425 214 0.29 Q.25 248 149 5.0 5000 0.751 0.0738 0.0856 2.4 56.62 23.4 15.4 38.9 0.6%96 0.007 0,014 0.012
R1B = 320/346 1090 0.30 0.25 253 189 5.0 5000 1.0t 0.363  0.0436 1.9 57.08 18.7 6.6 25.3 0.173 0.015 0.005 0.004
RIB = 429/455 696 0.27 0.29 285 269 5.0 5000 1.15 0.258 0.240 1.8 57.11 17.7 5.9 23.7 0.386 0.004 0.008 0.0068
RZA - 205/230 443 0.39 - 0.49 489 2431 2.98 2975 0.892 0.114 0.0904 55.40 0.549 0.021 0.015 0.012
R2A -~ 314/339 308 Q.25 0.23 278 i61 5.0 5000 0.667 0.123 0.110 56.88 0.523 0.018 0,004 0.004
R2B = 408/434 342 0.57 0.60 597 261 5.0 5000 0.662 0.0600 0.0570 55.90 0.763 0.009 0.905 0.004
R2B - 468/494 265 0.42 0,39 390 199 - 5.0 5000 1.07 0.0631 0.0679 55.99 0.751 0.006 0.007 0.006
R3A - 220/245 253 0.27  ©€.39 387 185 5.0 5000 G.350 0.0937 0.0649 S7.15 0.731 0.006 0.005 0.004
R3A - 430/456 306 0.4t 6.53 525 215 5.0 5000 0.782 0.0746 0.0577 . 56.30 0.703 0.009 0.017 0.012
R3B - 363/389 3%4 0.51 0.51 507 259 5.0 5000 0.787 0.0773 0.0773 57.08 0.657 0.010 0.002 0.002
R3B - No sample g
R4A ~ 426/452 322 0.27 0.33 330 183 5.0 5000 0.782 0.119 0.0976 55.87 0.568 0.014 0.005 None
R4A - No sample _
R4B - 391/417 280 0.30  0.31 308 185 5.0 5000 0.751 0.0967 0.0935 56.51 0.638 0.007 0.004 0.004
R&4B - 4497475 243 Q.42 0.37 368 175 5.0 5000 0.521 0.0579 0.0657 56.60 0.720 0.004 0.001 None
R5A ~ _397/423 314 0.36 0.56 558 227 5.0 5000 0.420 0.0872 0.0561 56.53 0.723 0.012 0.007 0.004
RSA =~ 442/468 462 0.29 .28 279 218 5.0 5000 1.00 0.159 0.165 56.82 0.472 0.007 0.012 0.012
R5A ~ 504/530 327 0.45 0.56 555 227 5.0 5000 0.395 0.0727 0.0584 56.56 0.694 0.008 0.008 0.008
R58 - 341/367 368 0.61 0.61 608 264 5.0 5000 0.804 0.0603 0.0603 54.65 0.717 0.005 0.002 0.002
RSB - 398/423 300 0.40 0.53 525 231 5.0 5000 0.609 0.0750 0.0566 56.46 0.770 0.001 0.007 0.006
R7A - 263/289 68 0.06 '0.10 96 61 5.0 5000 0.425 0.113 0.0680 50.30 0.897 0.008 0.001 None
R7A - 342/368 607 0.16 0.26 255 195 5.0 5000 0.908 0.379 0.233 . 56.66 0.321  0.009 0.004 0.004
R7B -~ 241/267 229 0.34 0.47 465 163 5.0 5000 0.523 0.0674 0.04B7 1.3 53.63 12.0 65.8 77.8 0.712 0.707 0.003 0.002
R7B - 410/436 Sample lost on MIS set-up. 1.0 56.73 9.8 11.2 21.0 0.007 0.003
RBA - 164/190 - 261 0,11 0.29 285 175 5.0 5000 0.536 0.237 0.0900 1.2 56.45 11.7 16.4 28.1 0.670 0.007 0.010 0.010
RBA -~ 432/458 657 0.16 0.16 156 208 5.0 5000 1.07 0.411 0.411 1.8 57.06 17.7 6.8 24.5 0.317 0.064 0.007 0.0086
RBB ~ 333/359 344 0.25 0.25 248 209 5.0 5000 0.479 0.138 0.138 1.5 57.04 14,8 6.7 21.4 0.608 0.009 0.006 0.004
RBB = 515/541 348 0.40 5.0 5000 0.592 0.0876 1.8 57.10 17.7 6.1 23.8 0.008 0.004

NP



Y

‘ Sample No.
RIA - 175/201
RIB - 1317157
R2A = 110/135

©OTR2B-- 1357161
" RJA - 188/213
R3B - 130/155
R4A -~ 283/309
R4B - 299/325
RSA -~ 135/16}
RSB - 141/167
R7A -~ 005/031
R7B ~ 072/098
RBA ~ 033/059

- 011/037

© RSB

t Questionable

Sample No.
R1A ~ 300/326
RIA -

RIB ~ 216/241
RIB - 243/268
R2A - 285/310
R2A - 383/408
R2B = 351/377
R2B - 438/464
RIA - 348/373
R3A -~ 4017427
R3B - 239/265
R3B -~ 331/357
R4A -~ 398/423
RGA

R4B - 358/384
R4B = 420/446
RSA =

RSA ~ 473/499
RSB - 287/313
R5B = 370/396
R7A -~ 232/258
R7A - 295/321
R7B - 175/201
R7B - 440/466
RBA - 305/331
R8A - 384/410
R8B - 300/326
R8B - 483/509

t Questionable

Sample No.

‘w

patl

1270
1200

‘am

(CL)X

Qo 14
Dal6

-40870,05

820
974
900
860
910
1090
1270
731
487
346
811

°n

psi

1580

0.1
0.16
0.14
0.11
0.14
G.10
0.1l
0.09
0.06
0.06
0.09

tm

(GL)Z

0.12

No sample

915
1050
1270
1060
1130

995

925
870
971
786

0.12
0.15
Q.16
0.11
0.14
0.14

0.16
0.16
Q.16
Q.14

No sample

‘776
810

G.12
0.15

No sample

875
1040
816
736
612
557
1540
589
1297
587
1440

“n

0.14
0.10
Q.12
0.12
0.11t
0.06
0.17
0.11
0.15
0.17
0.20

€
m

(ES)Z

0.15
0.24
0.04
Q.10
0.16
0.15
G.10
0.15
0.09
0.13
o.11
J.14t
C.11
0.08

€
m

(FS)%

0.14

0.17
0.14
0.22
O.11
0.13
0.18

0.15
0.16
0.18
0.21

0.17
0.19

0.17
0.10°
0.14
0.18
0.21
0.04
0.23
0.11
0.17
0.29
0.38

€

sec

1.45
2.35
0.44
1.00
1.64
1.50
1.00
1.50
0.85
1.30
1.08
1,401
1.15
0.80

tn

psi (GL)X (FS)X sec

RIC = 065/092 617
RID - 071/098 6]2

0.17
0.22

0.19
0.22

192
219

Table 3: C o l“”/ncu, 2 = ahove

o [3 t £ E

e e L] i -]
psi (FS)Y sec (L) [{cR}
psL(xio™)
119 5.0 50,0 .20 0,907
209 5.0 50.0 1.32 O~ 788
408 0.04  0.44 0.868 0.816
820 0.10  1.00 0.892 0.745
199 5.0 50.0 1.06 " 0.606
255 5.0  50.0 117 0.643
860 0.10 1,00 . 0.973 0.782
99 5.0 50.0 0.973 0.650
1090 0.09  0.85 1.22 1.09
1270 0.13  1.30 1.28 1.15
731 0.1t 1,08 0.781 0.812
487 0,14 1.40 2.03t 0.812
346 0.1 1.15 0.718 0.577
811 0.08 0.80 0.997 0.901
Table 4: ¢ = 10‘3/sec, z = below
e fe te Ei Eo
psi (FS)X sec (GL) (GL)
pei(x10%)
1580 Q.14 = 1.38 1.43 1.32
195 5.0  50.0 1.25 0.763
143 5.0°  50.0 1.25 0.700
95 5.0 50.0 1.18 0.794
1060 0.11  1.10 1.30 0.964
1130 0.13  1.26 1.15 0.807
149 5.0 50.0 1.02 0.711
164 5.0 50.0 1.05 0.578
255 5.0 50.0 0.997 0.544
211 5.0 50.0 1.05 0.607
144 S.0  50.0 0,997 0.561
39 - 5.0 50.0 0.892 0.647
910 0.19  1.85 1.06 0.607
169 5.0 50.0 0.949 0.625
1040 0,10 1.05 1.31 1.04
149 5.0  50.0 0.989 0.683
134 5.0 50.0 0.908 0.613
607 0.23 2,33 0.900 0.556
557 0.04 - 0.43 0.876 0.928
1540 0.23 2,30 1.25 0.906
243 5.0 50.0 0.728 0,535
1297 0.17  1.69 1.27 0.865
47 5.0 50.0 1,17 0.345
1440  0.38  3.78 1.14 0.720

Table 5: € =

-] € t E ‘ E

e e e 1 [}
psi (F$)Z sec (GL) (cL)
psi (x10%)
229 5.0 5000 1,52 0,363
193 5.0 5000 1.00 0,278

10‘5/sec. z .= above sea

sed level, T = =5°C {23°F)

o 5 4 vy
(FS)  o/oa b/’ ofoo
0.847 0.7 56.81 6.9
0.525 56.91
1.02 0.2 52.43 1.8
0.820 0.1 55.81 1.0
0.606 1.4 56.85 13.7
0.600 56.37
0.860 1.3 53.58 12.0
0.607 1.3 54.89 12.3
1.21 0.2 56.10 1.9
0.977 0.2 56.20 1.9
0.665 0.02 52,92 0.2
0.348¢ 54.61
0.315 0.3 53.16 2.8
1.10 0.1 52.48 0.9

sea level, T = ~5°C (23°F)

E° S1 ) vb
(FS) o/oo 1b/ft*  o/oo
1.13 1.0 56.77 9.8
0.538 1.2 57.14 11.8
0.750 57.23
0.577 0.7 ‘56446 6.8
0.964 2.0 56.81 19.6
0.869 56.46
0.553 2.7 56.48 26.3

1.9 57.08 18.7
0.617 57.12
0.544 2.0 57.13 19.7
0.53%9 2.0 57.79 19.6
0.374 1.3 56.03 12,6
0.456 56.09
0.479 3.3 56.39 32.2
0.515 55.83
1.04 4.0 56.96 39.4
0.583 55.17
0.409 3.4 49,76 29,2
0.291 54,17
1.39 56.12
" 0.670 57.17
0.535 1.5 56,70 14.7
0.763 1.7 57.01 ° 16.7
0.202 0.3 56461 2.9
0.379 2.1 57.20 20.7

level, T = =20°C (-4°F)

Eo Si [ v

b
(FS) o/oo 1b/ft? o/oo
-
0.325 55,90
0.278 56.57

A .1
o/o0 o/oa fce
9.4 16.2 0.094 6.006
0.166 0.004
85.0 86.9 0.010
25.8 26.8 0.009
9.8 23.5  0.205 3.007
0.283 0.008
66.7  78.7 0.007
43.9 7 S56.2 - 0.109 0.012
20.9 ¢.011
19.2 21.1 0.011
76.2 76.4 0.006
- 0.011
72.5 ~ 75.2 0.008
84.0 84.9 0.007
Ve n °e/°n
o/oo o/oo ice
10.5 20.3 0.017
4.4 16.3 0.213 0.006
0.136 0.010
15.5 22.3 0.075 0.020
11.5 31.1 0.005
18.3 44 .6 0.150 0.012
6.6 25.3
0.177 6.010
5.9 25.6 9.293 0.011
11.8 31.4  C.217 0.009
23.9 36.5 0.183 0.017
0.128 0.011
20.8 53.0 0.014
0.193 0.005
12,1 51.4 0.007
. 0.183 0.017
136.1 165.3  0.182 0.003
0.005
0.010
0.903
12.6 27.2  0.413 0.008
7.5 24,2 0.004
12.2 15.1 0.421 0.006
4.9 25.6 0.009
\A n ae/om
o/oo o/oo ice
. 0.371 0.007
" 0,315 0.013

end cap

0.010
0.006
0.009
0.005
0.007

'0.008

0.013

0.004

0.008
0.003
0.002
0.007
0.005

0.021

Squareness (in)

shim

EUN 3
0.004
0.004
0.004

*0.004

0012
0.004
0.006
0.002
None

0.006
0.004
0.020

Squareness (in)

end cap shim

0.006

0.001
0.003
0.003
0.010

0.009

0.008
0.004
0.005
0.006

0.003
0.004

0.006
0.010
C.004
0.007
0.010
0.013
0.003

‘0.007

0.005
0.004
0,005

end cap

0.008
0.004

‘0.002

None
None
0.902
0.016

0,008
0.004
None
0.002
0.004

0.002

0.004

0.006
0.004
None

0.008
0.010
0.012

©.002

0.004
0.002
0.004

'0.004

Squareness (in)

shim

0.006



LR
~ " Sample No.

i

RIC = 210/2%
RIC = 240/2066
RID = 209/236
RID - 315/342
Sample No.

RIC - 127/154
RID - 153/178

Sample No.

RIC - 349/375
RIC - 384/410
RID - 179/206
RID - 285/312

o © N
w ] =
psi  (GL)Y (Fs5)X
@03 0,202 .
443 0,29 0,25
557 0,17 0.28
T-28270.22 0.29
9 €g €a
psi (GL)X (FS)X
1520 0.15 0.17
1270 0.10 0.08
LA €
psi  (GL)X (FS)X
1440 0,19 0.18
1020 0.11 0.10
1640 0.14 0.18

1650 0.11

psi

239
247
254
181

psi

1520
1270

psi

1440
1020
1640
1650

Table 6: & -

17 ke, 2 o= holow sed bovel, T » =207C (=4°F)

€ 4 £ E 4 S ) v v n
e e 1 3 ] {t b a
(FS)T sec (GL) (6L).  (FS) " o/oo 1b/it®  ofoo  o/oo  oloo
psi(x10®)
5.0 SON0 G709 0.183 0,144 55.36
5.0 SO0N 0.989 0.177 0.177 55.84
5.0 5000 0.876 0.328 0.199 55.97
5.0 5000 0,712 0.120  0.0910 56.49
Table 7: ¢ = 10'3/sec, 2z = above gea level, T = =20°C (-4°F)
ce te !i Eo !o S1 P vy ;y‘~' n
(FS)Z sec (GL) (GL) (FS) ofoo 1b/ft? o/oo o/oo o/oo
psi(x10°%)
0.17 1.66 1.40 1.01 0.89%4 . 56.08
¢.08 0.84 1.52 1.27 1.59 56.16
Table 8: ¢ = 10‘3/sec, z = below sea level, T = =20°C (~4°F)
€q te Ei Eo E° Si [ Yu Va n
(FS)2 sec (GL) (6L) (FS) ofoo 1b/ftd o/oo o/o0 o/oo
psi(xloe)
0.18 1.80 1.31 0.758 0,800 56.67
0.10 1.02 1.10 0.927 1.02 54.61
0.18 1,84 1.45 1.20 0.911 56.59
1.57 57.25

1.50

uelan
ice
0.593 0.003
0.558 0,013
0.456 0.015
0.686 0,008
°e/°n
) ice
0.010
0.010
ae/om
ice
0.004
0.006
0.012
0.006

Squareness (in)

end cap shim

0.00% G 00t
0.014

0.010 0.01¢
0.010 0.001

Squareness {in)

end cap shis
0.006  None
0.006 0.004

Squareness (in)

end cap shim
0.008  0.006
0.005 0.002
0.011 0.008
0.004 None



In these tables ¢, € and t afe stress, strain, and time, respec-
tively., The subscript m denotes the values of ¢, €, and t at the peak or
;éximum stress, Op, during the test. The subscript e denotes the
values of ¢, €, and t at the end of the test, t,, ¢ (GL) is the axial
strain as determined from the average vglues of the two DCDTg;fo: the gauge
length of 5.5 inches. & (FS) is the a#ial strain of the fﬁil:sample as
determined from the extensometer mounted between the end caps.

Elastic modulii are determined from the force and displacements. Ej
(GL) and E, (GL) are the apparent initial tangent modulus and overall
secant modulus, respectively. These values are obtained from the force-
displacement curves where the displacements are obtained from the average

DCDT values (GL). The overall secant modulus, E, (GL), is defined as

(¢}
m

E (GL) = —————e
o em(GL)

Eo(F8) is the overall secant modulus as determined from the extensometer
where

o)

- m
Eo(FS) B em(FS)

Sample properties are also given. Si is the sample salinity, and P,
Vh, Vg,and n are the sample density, brine volume, air volume, and
porosity at the test temperature.

Information is also given on sample squareness after the ends of the
sample are milled (ice), and after the end caps are mounted (end caps).

The squareness is determined by placing the sample on a comparitor and mea-



suring the difference between the high and low end of the specimen. The
amount of steel shim stock inserted between the low end of the sample and

actuator just before testing is also given.

It should be noted that these tables are incomplete. As samples are
analyzed for their ice structure, data on grain size and crygtal orienta-
tion will be provided. Once thin sections are made for stfﬁéfural
analyses, sample salinities will be determined from the remaining ice. The

ice brine volume, air volume, and porosity will then be calculated. Thin
M

sections have already been prepared fazwﬁénywa the samples; however, we

have not yet finalized our classification scheme for multi-year ridge sea
ice structure. More will be séid about this later in the progress report.
We should also point out that our air volume equations have been
modified resulting in slight changes in the test density values. Sample
densities are first determined at 5°F (~15°C) and then corrected to the
test temperature.- In these tables, the density values that are given with
salinit& values have been corrected. The density values given without
salinities still need to be changed. For the 23°F tests, the uncorrected
values in the tables need to be multiplied by 0.998. These density values

will be corrected as we obtain our salinity.

DISCUSSION OF RESULTS

Uniaxial Compressive Strength

The compressive strength of the specimens, or peak stress endured
during each of the tests, is plotted against strain-rate in Figures 2 and
3. Figure 2 contains the results from those tests conducted at 23°F and

Figure 3 presents the results from those tests conducted at -4°F, Average
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strength values are given in Table 9 and plotted against strain-rate in
Figure 4., Figure 4 also compares our data to those.obtained by other in-
;estigators.

The results indicate that the uniaxial compressive strength of sea ice
obtained from multi-year pressure ridges increases with s;rain—rate and de-
creases with temperature. These trends are consistant witﬁiiést data for
first-year sea ice 55 reported by Wang (1979). The shaded area iﬁ'Figure 4

represents the variation of ice strength of first-year columnar, oriented-

-—
columnar, and granular sea ice in different loading directions at 14°F

S e
(-10°C). Relative to first-year sea ice, the strength of the ridge ice is

comparable to the strength of columnar, oriented first-year sea ice in the
hard fail direction and granular first-year sea ice. Our data also agree
with the multi-year sea ice strength values at ~15°F obtained by Frederking
and Timco (1980). The multi-year ridge ice samples also appear to be
slightly weaker than the comstant displacement rate samples obtained from
the presumably undefofmed multi-year floe which was saﬁples in our study.
Based on the work of previous investigators, we would expect that the
compressive strength of our samples would decrease with increasing. brine
volume or porosity. bThe compressive strength, or peak étress, of’a number
of our test samples is plotted agaist ice brine volume and porositybin
Figures 5 through 8. These figures show novdependence of ice strength on“
brine volume. In retrospect this is not surprising in that the ice has a
low salinity and high air content. The plots of ice strength versus’
porosity (brine plus air volume) do show a trend of decreasing ice strength
with increasing porosity. However, more test results aré needed to estab-

lish this relationship. .




SUMMARY OF STRENGTH DATA

o_(psi) 3;(psi) 3;73;
23°F (~5°C)
10~ /sec 369+ 186 208+ 44 0.636£0.172
10-3 /sec 933£295 164%50% 0.176£0.059 .
-4°F(-20°C) ”
1075 /sec 483:139 244+ 30 0.496:0.141
10-% /sec 1423242 — -

* 17 of 38 10‘3/sec tests ét -5°C (45%) failed in a ductile manner and went
to 5% strain. ’

Table 9: Average uniaxial compression strength, o,, and residual

strength (5% strain), o,, data from Production Run 1.
Standard deviations also given.
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Residual Compressive Strength

Table 9 also gives the average residual compressive strength of the
;hlti—year ridge ice samples under different loading conditions. The
residual strength is defined here as the stress on the sémple‘at 5%
strain. A constant 4-inch diameter specimen is assumed in'cglculating the
stress. e

All of the tests conducted a strain-rate of 10'5/sec continued to 5%
strain. It is interesting to note that 17 of 38 tests conducted at
10-3 /sec at 23°F also continued to 5% strain whereas the 10~ /sec tests at
~-4°F ruptured completely at very small strians. More tests at different
strain-rates will be needed to define the ductile-brittle transition at
each temperature of interest,

At a strain-rate of 10;5/sec the residual strength of the ice is quite
high: * about two-thirds of the peak stress at 23°F and one-half of the peak

"stress at -4°F. For those tests whi;h continued to 5% strain at 10-°/sec
and 23°F, the residual strength is about one-fifth of the peak stress.
Further work on the non-simultaneous loading of wide structures may showv
that the residual strength is an important design parameter at low ice

movement rates.

Failure Strains

Average sample failure strains, €, at the peak or maximum stress
for different test conditions are given in Table 10. The average strain to
failure is found to decrease with increasing strain-rate and, for the

10‘5/sec tests, the average failure strain decreases as the temperature de-—

creases. We would also expect to see a decrease in the average failure



FIPRERE L1 SUERNNERETS {5 RN, (5 O B
,,,,,, e L N . i Gk hid 5 i tif&t;}ﬁpw“n%a: g~_¢g.~,xi{»:r“r§,,,.74‘-,‘. .

SUMMARY OF FAILURE STRAIN DATA

Average Failure Strain, €

B 23°F (=5°C) (%) N
10~ /sec 0.34£0.14
10~ /sec 0.13%0.03
~4°F (-20°C)
) 10-° /sec | 0.21%0.03
10-3 /sec 0.13%0.03

Table 10: Mean and standard deviation of failure strain values, €p,
: under different test conditions.



strain with decreasing temperature in the 10‘3/sec tests; however, it is
possible that the number of samples tested at 10~3/sec and -4°F is insuf-
ficient to establish this trend.

Initial Tangent Modulus

The apparent initial tangent modulus of our test specimens is plotted
against strain-rate in Figures 9 and ;0. The modulus valuéé'ﬁere deter-
mined from the initial slope of the force-displacement curves obtained on
the X-Y plotter. In those tests where seating of the actuator on the
sample was a slight problem, the linear portion of the force-displacement
curve immediately after seating Vas used to determine the modulus,

Figure 9 contains the results from those tests conducted at 23°F and

Figure 10 presents the results from those tests conducted at -4°F. Average
modulus values are given in Table‘ll and plotted against strain-rate in
Figure 11. The results show that the initial tangent modulus of sea ice -
obtained from multi-year pressure ridges increases with strain-rate and
decreases with temperature. Similar observaitons have been made by
Traetteberg and others (1975) for fresh water columnar and granular ice.
In fact, for a given temperature and strian-rate, our values are in close
agreement to those obtained by Traetteberg and others (1975). Our 10-3/séc
fesults are also comparable to dynamic, seismic determinations of Young's
modulus (Schwarz and Weeks, 1975).‘

Previous investigators have reported that Young's modulus of ggé_icé

modulus for a number of our tests is plotted against brine volume in

Figures 12 and 13. 1In both the 10—5/sec and 10-3/sec tests there does not
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SUMMARY OF INITIAL TANGENT MODULUS DATA

Average Initial Tangent Modulus, Ej

23°F (=5°C) (psi)
10~ /sec 7.64 x 10° £ 2.88 x 10°
10-3 /sec 1.09 x 10° + 0.24 x 10°
=4°F (~20°C) | _
10-° /sec 9.78 x 10° * 2.90 x 10°
10~° /sec 1.39 x 10° £ 0.17 x 108

Table 11: Average and standard deviation of initial tangent modulus data
from Production Run 1.
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appear to be any relation between the modulus and brine volume. However,
our samples do have a relatively high air content. The Young's modulus is
éherefore plotted against porosity (brine plus air volume) in Figures 14
and 15 for the 10-°/sec and 10-3/sec tests, respectively. Again, the

10-° /sec strain-rate tests show no relationship between mo?u}us and
porosity; but, the 10-3 /sec tests do show a slight decreasgkiﬁ modulus with
increasing porosity. We expect that structural defects, such as cracks and
cavities, play a more important role at high strain-rates where the ice
exhibits elastic behaviour.

In addition to the ice porosity, we would expect that the modulus of
the ice should also vary with density. The modulus of the ice is plotted
against density in Figures 16 and 17. Both the 10~3/sec and 1073 /sec tests
do show a slight increase in modulus with increasing density; however, the

amount of scatter is too large to draw any definite conclusions.

ICE STRUCTURE ANALYSES

There are a number of variables that strongly affect the strength of
sea ice. These include the salinity, temperature, porosity, and structure
of the ice and the test strain—rate; If we look at the test results at a
given strain-rate, temperature, and porosity (Figures 7 and 8), we still
observe considerable scatter in the data. . We attribute this scatter to
large variations in the ice structure.

To analyze the structure of the test specimens, discs of ice are first
cut from both ends of the sample prior to testing. If the samples were
homogeneous throughout their length, thin secﬁions from the sample end-

planes would be sufficient to characterize the ice structure. Unfortu-
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nately, many of the multiyear ridge sea ice samples appear to be inhomo-
geneous consisting of both columnar and granular crystals of varying
éfains size and orientation. Thus, in addition to studying the structure
of the sémple end-planes, it ia also necessary to look at the structure of
the failed specimen to properly describe the entire samples. This is
accomplished by cutting vertical thick sections of the fai{ed*samples. It
has been found that thick sections cut on a bandsaw, with no microtoming,
are adequate to observe the ice structure.

At the conclusion of Production Run 1 we began to look at the ice
structure from a representative number of high, medium, and low strength
samples. Since we were interested in obtaining information on the sample
salinity to determine its porosity, we conconcentrated on preparing
vertiéal thick sections of the failed specimens. Besides obtaining the
sample salinity, it was hoped that the vertical sections would be suf-
ficient for providiﬁg a preliminary description of the structure of each
sample.

To date we have looked at 28 samples. It is now apparent that
vertical sections of the failed samples by themselves do ﬁot provide a
clear picture of the original sample structure. It turns out that we do
not know well enough the structure of untested multi-year ridge ice.
Often it is difficult to differentiate between snow and slush ice and
granular ice produced by sample sﬁear.

In an effort to address these structure interpretation problems, we

are now preparing horizontal and vertical sections of the continuous

- multi-year ridge core that was specifically obtained for structure and



salinity analyses. After the sections from this core have been analyzed we
hope that we will be in a better position to interpret the structure of the
test specimens. Data on ice structure from samples in Production Run 1
will be included in the next progress report.

STATISTICAL VARIATIONS IN ICE STRENGTH

Differences in the Above- and Below-Sea Level Yield Strengéhsw

The above-sea level ice in breSSurevridges is of lower salinity and
presumably lower density»due to a higher gas volume than the below-sea
level ice. During most of the year it is also stronger as it is appreci-
ably colder than the below~sea level ice. The strength data discussed in
this report now make it possible to ask the question of whether there are
intrinsic differences in the strengths at these two different levels above
and beyond that resulting from the temperature differences.

There are, at present, two sets of data which can be tested for
differences; the ék= 10~ and the € = 10~ sets. Both test sets were
determined at Ty = -5°C. Each of these sets can then be sub-divided into
above-sea level and below-sea level portions. These sub-sets can then be
tested to see if there is reason to doubt the hypothesis that the above and

below-sea level ice have the same popluation means (i.e. Hy: o U

a="u
where u is the popluation mean and the subscripts a and b indicate above
and below sea level). These results are summarized in»Table 12. At both
strain rates it was found, using 2-tailed t-test that there was no reason
at the 1% level to doubt that both the above-sea level and the below-sea

level ice have the same population means. The physical interpretation of

this result is presumably that in the above-sea level ice the decrease in
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salinity and increase in air content (relative to the below-sea level ice)
tend to offset each other. This is an important result since we now have
justification for combining both the above- and the below~sea level &
strength values into one population in succeeding analyses.

Sources of the Variation in the Yield Strengths.

We initially planned tovobtain test samples from exacgly‘;he same
levels in co-located cores collected from each individual ridge. Because
of problems with gouging oﬁ the sides of the cores and core breaks, this
did not prove to be possible. Instead, samples from each core were chosen
randomly in a vertical sense,

It is then possible to study thé sources of the observed variation in
yield strengths obtained under similar test conditions by using a 3 level
tested Analysis of Variance (AOV) model., Using this model the total sample
"variance is partitioned into that contributed by differences

a) bétween ridges, ’

b) between cores co-located side by side on a given ridge, and

c¢) Dbetween samples from the same core.

The linear AOV model assumed is

xijk =y + vi + yij + zijk

with i =1 ... T
j=1...t and
k =1 LN ] n

" Here p is the grand mean, vj corresponds to the ridge effect, yij to

the effect of co-located cores within the same ridge, and éijk to the



effect of samples within the same core. The parameters vy, yij, and

zjjk are assumed to be independently normally distributed with zero means

énd variances wz, w? and ¢?. In our specific application r = 7, t = 2 and
n = 3. Table 13 gives the AOV analysis for the above modél, The results

of the analysis for the € = 10~ and 10~ data sets are giveq in Table 14

and show that in all cases there is at present no reason tg doubt the

2 and wz are equal to zero (i.e. that there are no

hypothesis that w
significant differences betﬁeen ridges or between cores within ridges
relative to the large variation observed between samples within the same:
core). If this is true this is a very important conclusion. However we
prefer to reserve judgement on this matter until we have completed testing
the remainder of the specimens. At that time we will also include a dis-
cussion of the problems associated with the fact that at some sites there
are missing yield strength values.

The above tentative result does not mean that we believe that all
multiygar pressﬁre ridges have the same strength. As a first-year ridge

gradually changes into a multiyear ridge over a period of at least 2_years

e e e e T et s o e P T e

(by definition multiyear ice has survived two or more summers), the voids

in the ridge are slowly sealed with ice, increasing the overall strength of

the ridge. In contrast, one of the ridges we sampled (Ridge 6) contained

a large ﬁumber of voids. The 6vera11 quality of fhe ice was also poor and
resulted in 1iﬁited.core recovefy. Perhaps this result should have been
expected since the upper part of Ridge 6 stili showed the semi-rounded out-
lines of ice blocks suggesting that we were sampling a 2 year old ridge.

After this experience we always selected ridges that showed highly rqunded



Table 13.

Analysis

for a 3-level nested AOV model.

beobp

o
i E

— 2
H o,

Source of Degrees of Mean

Variance Sums of Squares Freedom Squares E[Mean Squares]
Between Ridges nt 7(x _—E._.)z r-1 sr2 02 + ne? + nty?
Between co-located - = 2 2 2 2
; .. =X - +
cores within ridges n §§(X$J- XJ--) r(t-1) St o nw
Between samples rtn
within co-~located ZZZ(X )2 rt(n-1) s 2 o2

zgk Xig e n
cores
rtn
TOTAL rtn-1



T€T = @ﬂ YIT = ™ 18T = ‘m
o 86TLT = 4 62621 (=) = Z¥ 66978 = 20
- 61°L = (£°9)%%74 GE'€ = 4 0 = ,h:%
9e'€ = (82°0)°%"a €570 = 4 0= zmH
§910D UTYITA
z0 669¢C8 8¢ G8GGTET : sopdues uosamjag
s93pTI UTYITM
Z0€ + ;0 £16€Y L 88€L0¢ $9100 U2aMlDayg
Zh9 + € + 0 T0TLYT 9 609788 so8pTa1 usemisg
¢0T =3 'q
LTT = z¢ L = O 9T = @
8ET = o L89S = ¥ 8708C = 39
6T°L = (£°9)%%"4 20°T = 4 0= zh:H

¢ 66 .
96°€ = (82°0)°%"a 65°T = 4 0= ;m:°x
, . $9100 UTUYITM
0 8208¢ 8¢ 18/4%8L soTdwes usam3ag
s98pTa uryaIm
Z"E + 20 06%YyYy L TEYTIE $9100 uoaMlayg
Neo + M + 0 8Tesy 9 606TLZ so8p1a uoomlag
¢ 0T =3V

‘ soaenbg saienbg 3P saaenbg jo ung mwcmﬂum>

ue9l] poloadxy ueop . Jo @22ano§

‘W5 gyj8uoals PIOTA WNUTXBW UT UOTIRTIRA ay3l JO SISATRUB AQY Peiseu [oAd]~¢ JO sinsay ‘pT d14VIL



surface profiles suggesting ridges that were 3 or more years old. One con-
clusion that can definitely be drawn from the present results is that
Qithin such ridges there is a large variation in the yield strengths
obtained on ice from the same core hole. Considering the processes that
form pressure ridges, this result is hardly surprising.

If histograms are prepared of the frequency distributioné of the yield
strengths at € = 10~ and 10-° respectively, Figures 18 and 19 result. The
samples, although too small as yet for definite conclusions, are interest-
ing in that the higher strain rafes (10‘3) give a reasonably symmetrical,
uni-modal distribution while the lower strain rates (10‘5) give a distribu-
tion that although uni-modal, has a pronounced positive skew., More data
will be collected before we attempt to explain the difference in these dis~-
tributions.

Finally, strength profiles of each of the tested cores are given in
Figure 20 for the 10~ /sec and 10~% fsec tests. It is evident éhat the
variation in ice strength at each core site is quite high and comparable to
the variation between the different sites.

Sample End Squareness and its Effects

Figure 21 shows a histogram giving the frequency of different square-
ness values for the alignment of the synthane end caps. As can be seen the
modal value for squareness is in the 0.002-0.004 in, class interval and the
great majority (85%) of the samples showed squarenesses of less than
0.010. Considering the difficulty in maintaining axiality while mounting
the end caps, we feel that this performance is quite satisfactory. However

since EXXON discarded test samples with squareness values of greater than
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Figure 18: Histogram of the frequency distributions of yield strengths
for the 10°°, 23°F tests.
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Figure 19: Histogram of the freguency distribution of yield
strength for the 107 °/sec, 23°F tests.
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0.005, it is interesting to see if, in our test series there is any
evidence of a correlation between squareness and yield strength values for
fésts performed under identical conditions. Figures 22 and 23 show op
plotted against end cap squareness for € = 10~ and 10-° respectively (both
sets of tests were performed at 23°F). Both plots show a significant
scatter and no clear trends. In faét the respective correiation coef~
ficients (p) are 0.19 (¢ = 10-3) and 0.08 (¢ = 10~°) indicating that linear
regression lines would only account for 3.6% and0.6% of the observed
scatter. As the 95% confidence limits on the p estimates are £0.35 and
£0.34 respectively there is clearly mo reason to believe, at présent, that
the p vélues are significantly different from zero. Therefore, on the
basis of our data we currently see no reason to reject tests on the basis
of squareness. Shimming the low side of the sémple on the MTS machine
appears te be an effective means of correcting for any lack of sample

squareness.

DEVELOPMENT OF TESTING TECHNIQUES

Uniaxial tension, constant load, and triaxial testing techniques still
need to be developed in this year's study. Our progress on each of these

three types of test is described below.

Uniaxial Tension Tests

Earlier in the study it was decided to bond endcaps to our specimens
to provide radial contraint on the sample end-planes in compression and a
means of applying a load to the core sample in tension. In the tension
tests a sufficiently high bond strength between the ice and endcap is

essential to obtaining failure in the middle of the specimen away from the

end-planes.
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A series of uniaxial tension tests were performed on 4.2-inch dia-

meter, 10-inch long, right circular cylinders of ice to evaluate the bond

strength between the ice and endcaps. The samples were obtained from the

[P—

und?ESETSEAEE}E;;yeaf~iee“cnxgs collected in the field last April. 1In all

but one of the tests, the endcaps were bonded to the specimen using the

-

same techniques as in the preparation of the compression sémples. In one
test, warm endcaps were melted onto the specimen and allowed to freeze. To
save time, none of the samples were turned down on the lathe,

The endcapped specimens were held in position, aligned, and loaded
on the MTS machine with spherical ball-joints attahced to both endcaps.

. These ball-joints have been successfully used by Currier (1981) to deter-
mine the tensile strength of polycrystalline ice.

The test results are given in Table 15. Tests were conducted at two
temperatures and two strain-rates. In two of the tests the ice failed away
from the endcaps. These specimens had tensile strengths of 92 and 96 psi.
The specimen with the melted endcaps had a relatively low bond strength of
38 psi indicating that this method of bonding is inferior to our original
technique. The remaining tests had a mean bond strength of 174%26 psi and
showed little wvariation with temperature and strain-rate. This is not sur-
prising as the teﬁsile_strength of fresh-water polycrystalline ice shows
little variation with tempertaure and strain-rate.

In most of the tests the sample failed O to 1/4-inches from either the
lower or upper endcap at a full sample strain of 0.018+0.003%. As the ends
of the sample are square and radially constrained, there is a stress riser

near the end-planes causing failure in this zone. If the samples had a
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BOND STRENGTH TEST RESULTS

Samplg No. T oL €n tm Nature of Break
(sec™) (°C)  (psi) (%) (sec)

C9-084/111 10-3 -5 171 0.018 0.18 Failed 0-1/8" from lower endcap

C9-235/261 10~2 -5 170 0.018 0.26 Failed 0-1/8" from upper endcap

C11-169/195 1073 -5 125 0.015 0,15 Failed 0-1/8" from lower endcap

C9-266/292 10-° -5 92 0.018 16 Failed 1/3 of the length up from
lower endcap

C11-041/068 10‘5 -5 96 0.018 18 Failed 1-1 1/2" from lower endcap

C11-075/101 10"5 -5 161 0.016 15 Failed 0-1/8" from upper -endcap

C11-132/159 >10-° ~-20 204 0.016 —

C11-258/285% 10-° =20 38 0.002  0.02 Failed 0-1/8" from uppérvendcap and
0-1/4" from lower endcap

c8~077/103 10-° -20 218 0.018 17 Failed 0-1/8" from upper endcap

£8-237/263 10-° -20 159 0.024 23 Failed 0-1/8" from lower endcap

C9-163/189 10-° -20 164 0.016 14 ) Failed 0-1/8" from lower endcap

€9-131/157  10-° -20 173 —  13.3  Failed 0-1/8" from lower endcap

C8-166/192 >10-3 -20 193 0.019 - Failed 0-1/4" from upper endcap

* melted endcap

Table 15: Bond strength test results.



slight fillet at both ends, as on our compression test samples, conceivably
larger bond strengths would have been obtained.
Based on the above test results and our understanding of the tensile

strength of fresh-water and first-year sea ice, it appears that a 3-inch,

reduced diameter dumbbell specimen should conservatively meet our require-

ments. If we assume that the bond strength of the endcaps is 174 psi, or
2410 1bs over the 4.2-inch diameter endcap, we should be able to sustain a
stress of about 340 psi over a reduced, 3-inch diaméter section. Tensile
strength values of polycrystalline fresh water ice go up to 300 psi, and up
to 250 psi for first-year low salinity sea ice..

To minimize stress concentrations near the ends, the specimen should
have fillets with a radius of curvature of two diameters, or in our case 6
inches. TFor a 10-inch long sample, this geometry gives a straight 5.1 inch
gauge length-and an L/D ratio of 1.7 on the’reduced section. Photoelastic
studies by Hawkes and Mellor (1972) have shown that for this geometry there
are no significant stress concentrations and there is a gradual change in
stress from the central neck to the flared end sections, with no stress
discontinuities. Since a three-inch diameter reduced section appears to be
conservative, we will first try some larger diameter specimens, Ideally,
we would like to maintain geometric similarity between our tension and com—
pression specimens and keep a high diameter/grain size ratio. Should these
larger diameter specimens fail near the end-planes, progressively smaller
necked specimens will be tested.

Constant Load Tests

A loading apparatus has been designed and fabricated to perform

uniaxial compression constant load tests. The loading frame consists of



two 14 x 14 x 1 inch thick aluminium plates which are separated 17.5 inches
by four 3/4-inch diameter steel tie rods. A load is applied to the endcap-
ped ice sample by a 3500 1b capacity Bellofram pneumatic piston fastened to
the upper aluminium plate. The loading train includes a ball seat which is
attached to the piston, 3/4-inch ground steel platens, and pins to properly
center the sample in the loading frame. |

The pneumatic cylinder has been calibrated and we have constructed an
environmental chamber to house the unit in a cold room. Constant load
tests will be shortly underway once the strain transducers and recording
equipment are assembled. We plan to record gauge length (GL) and full
sample (FS) strains on the sample under an applied load of 1256 1lbs (100
psi). Test at higher constant loads will be performed on the MIS machine.

Triaxial Tests

After numerous inquiries to soil and rock mechanics testing equipment
companies, we have decided to design and fabricate our own triaxial cell.
Commerciallynavailable cells are too small for our specimens and do not
provide a direct means of increasing the confining pressure with the axial
load. As of this time we have completed a conceptual design of a 1000 psi
hydraulic cell and are working on the design details (seals, etc.). A dis-
cussion of the apparatus- will be provided in the next progress report.

FIELD SAMPLING PROGRAM PREPARATION

Equipment is now being assembled and checked out for the Phase II
field program. The‘4 1/4-inch diémeter"core barrels have been refurbished
and improved. We have strengthened the‘upper portioh of the auger flights

and designed new core dogs to minimize scouring on the sides of the core.




The 12-inch diameter core barrel has been fabricated. We are now modifying
a small commercial drilling rig to Support and drive the auger. Once‘the
;ig ié modified, the large auger will be tested in our ice pit.

As part of Phase II, we have built a jig to obtain horizontal 4
1/4~inch diameter samples from the 12~-inch core. The jig coqsists of a
drill press with a l4-inch long, 4 1/4-inch diameter core garrel, and a
craddle to firmly hold the core. The jig should eliminate "wobble” in the
coring procedure and produce uniform test samples. The jig will be tested
on a l12~inch core taken from the CRREL ice pit prior to going into the
field.

A tentative objective of Phase II is to determine the effects of ship-
ment and storage on ice strength. This can be accomplished by conducting
Brazil tests on 25 pairs of ice samples in the field and laboratory. The
Brazil test is attractive in that it does provide a good strength index
(not temsile strength) on samples requiring a minimum amount of preparation
. We are now assembling the equipment which includes a 10,000 1b Soil Test
compression machine and a specially deSigned.jig'to h@ld and load 2-inch
thick ice samples. An environment#l chamber_will also be’made to test the
samples in the field at a controlled temperature, slightly above ambient.

The remaining equipment that is being assembled is similar to‘that
uéed in the Phase I field sampling program.

AIR VOLUME EQUATIONS

Progress Report 3 contained a set of equations to calculate the air
and brine volume of sea ice samples. These equations have been reviewed

and an error was found in the set of equations describing the change in air



volume with sample temperature; that is the air volume at a temperature

other than that at which the sample density was determined. A revised dis-

cussion of the air volume calculations is attached. This paper has been

submitted for review as a CRREL Research Report.
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Equatlons for Determining the Gas and Brine Volumes
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. ABSTRACT

Equations are developed that can be used to determine the améunt of
gas present in sea ice from measurements of the bulk ice density, salinity
and temperature in the temperature range of -2 to -30°C, Conversely these
relations can be used to give the density of sea ice as a function of its
temperature and salinity considering bofh tﬁe presence of gas and of solid
salts in the ice. Eqﬁations are also given that allow the calculation of
the gas and brine volumes in the ice at temperatures other than that at

which the bulk density was determined.

. INTRODUCTION

A knowledge of the total porosity of sea ice is important in inter-
Preting its physical propertiés. It has been shown, both théoretically and
experimentally, that the mechanical, thermal, and electrical properﬁies of -
sea ice vary with the relative volume of brine existing in tﬁe ice (Weeks
and Assur, 1967; Schwarz and Weeks, 1977). Héwever, not only is ﬁhe ice
brine volume important, but also its air or gas volume. This is particu-

larly true for low salinity sea ice, such as.multiyear ice, where the gas

volume may make up a major portion of its total porosity.




SO

The gas volume of sea ice can be calculated .given the density, salin-

ity, and temperature of the ice. Generally, Assur's (1958) phase diagram

table (Table III, p. 124) is used to perform such calculations. This table

gives the relative masses of the different components in standard sea ice
at two degree temperature intervals based on the experimental determina-
tions of Nelson and Thompson (1954) and Ringer (1928). He;e the expression
standafd sea ice is used to refer to sea ice of such a composition that the
relative concentrations of ions in its melt water are the same as in normal
sea water. From the density of the various componeﬁts, the theoretical, or
gas—-free density of the sea ice can then be calculated and compared to the
measured density to determine the actual gas volume present in the ice.
However, since the table is based on standard sea ice having a salinity of
34.325 o/oo, it is first necessary to reduce the data to the appropriate
ice salinity. This is‘done by dividing the masses of all the components,
except pure ice, by S;/34.325 where Sj is thé ice saliniﬁy in parts per
thousand. The mass of pure ice is then 1000g minus the total mass of brine
and precipitated salts. Even though these calculations are straight-
forward, they are both time consqming and prone to arithmetic errors. In
fact they are‘rarely performed and estimates of the amount of gas present
in sea ice and of the total void volume of the ice are rarely obtained.

In the present paper equations are derived from which the gas volume

" and brine #qlume can be directly calculated given the ice salinity,

temperature, and density. The equations cover the temperature range from
-2°C to -30°C and consider the presence of solid salts. Equations are also

given to calculate sea ice density and the variation of gas and brine




. volume of a sea ice sample, if the temperature of the sample is changed

from the temperature at which the ice density was originally obtained.

PREVIOUS WORK

Only a few investigators have advanced methods for calculating the
density and gas volume in sea ice. Zubov (1945) calculated the density of
gas-free sea ice providing a table of values that could be used at tempera—
tures of -23°C and warmer. However, his work was done prior to Nelson and
Thompson's (1954) studies of the phase relations for sea ice. Zubov also
does not take the presence of solid salts into account. In (1960) Anderson
published a table giving the density of gas—frees sea ice at 14 selected
temperatures in the temperature range between 0 and -50°C. This work was
based on the Nelson and Thompson phase relations. As the exact method of
calculation is rnot given, it is net clear whether or not Anderson con-
sidered the presence of solid salts in the ice. The only relation avail~
able that calculates the gas volume of sea ice directly was developed by
Schwerdtfeger (1963). However, it is only valid at temperatures warmer
than -8.2°C, the Na2so4 « 10 H20 crystallization temperature. He also
neglected the presence of solid salts and assumed that the volume of brire
was equal to that of pure water. For warm sea ice these are reasonable
approximations. At the conclusion of this paper comparisons are nade
between the results of these previous authors avd the present results.

It should also be noted here that Assur s (1958) brine volume table
and the brine volume equations based on this tablevderived by Frankenstein
- and Garner (1967) assume a constant ice density of 0.926 Mg/m3. Conse-
quently, these reportstshould be used with taution in gas volume calcula- )

tions. The brire volume obtained from these sburces,should‘be multiplied




by p/0.926, where p is the measured ice density in Mg/m3, to determine the

_ brine volume for a given sea ice density.

DERIVATION OF EQUATIONS

A sample of sea ice is composed of pure ice, brine, sol;d salts, and
gas., 1In determining the gas volume of sea ice we are intege;ted in the
relétive masses and volumes of the different components at a given ice
salinity, temperéture, and bulk density.

In the derivations to follow, mg, pg and Vg are the mass,
density, and volume of component £ where the subscripts a, b, i, s, and ss
denote ﬁhe component air, brine, pure ice, salt, and solid salts, respec—
tively.' M is the bulk mass and p the bulk demsity. The terms mz and‘
m:sdenote the maés of salt in the bring and mass of salt in the solid

salts, respectively. .

Brine Volume

The salinity of the ice, Si, is defined as

ms mz + m:S
=== (1)
i M my + LI + m,

S

The mass of gas in the ice is assumed to be negligible. The salinity of

the bdbrine, Sy, is defined as

(2)

aplmav

From these two relations an equation for the brine volume of sea ice

can be derived. It should be noted that the brine salinity and the rela—




tive amounts of salt in the brine and solid salts are unique functioms of
. ice temperature via phase relations.

From equation (1)

MS, = mss + mb
i s v
and
mb = MS, - msS
s i s
or
b b’
m, = MS; - kng (3)
where
ss )
Bg
k=5
m
s
Solving for m: from equation (3) and noting from equation (2) that
b
mg = PRV b
we obtain

S S
Vp = N (%)

which because M = pV, can also be written as

o}
b i 1
v 0. S (1+k ()




where Vy,/V is the relative brine volume. If we neglect the salt present

as solid salt, k=0, and equation (4) reduces to

a relation utilized earlier by Weeks and Lofgren (1967).
Because the brine density can be approximated by (Zubov, 1945; and Cox

and‘Weeks, 1975):

pb(Mg/m3) = 1 + 0.0008 Sb(o/oo)

and because Sy and k are unique functions of temperature, the relative

brine volume can be expressed as

\Y pS. -
‘ b _3 (5)
v F (D) :
where S; is in of/oo, P is in Mg/m®, and
Fl(T) = pySy (1+k) (6)

Values for Fj(T) are given in Table 1 and plotted against temperature in
Figure 1. The lines through the data in Figure 1 are least-—squares curves

of the form

= 2 3 '
FI(T) % + alT + a, Tz + a3T 7

where T is the ice temperature (°C). Coefficients for the curves are given

in Table 2.



Solid Salts Volume

Also, via the phase relations, at any given temperature the mass of
solid salts (if solid salts are present) is proportional to the mass of

brine. That is

m =Cm L (8)

where C is a function of T. The relative volume of solid salts, Vgg/V,

is then equal to -
v
\Y p \Y
ss
where pgg is the average solid salt density assumed to be constant at 1.5
' Mg/ms.

Pure Ice Volume

The mass of pure ice is equal to

m,=M-m - m

i b s
‘or from equation (8) o =M - (14C)m )
i b
Since
w= eV
M= pV
my = Py,
we have




Table l. Values for Sp, k, C,'Fi(T),
and F2(T) at different temperatures.

T Sp k x 10° c x 103 F1(T) F2(T)
°c) (o/00) (Mg/m?) (Mg/m®)
-2 137.6 0 0 38.731 - 0.123
-4 70.6 0.554 0.148 74.662 0.151
-6 99.8 1,050 0.387 107.876 0.177
-8 126.5 1,400 0.660 139.441 0.199
-10 142.8 55.277 18.256 167 .865 0.222
-12 157.6 84,141 30.493 192.378 0,240
~14 171.5 97 .627 38.421 214,143 0.256
-16 184.4 106 .330 44,952 234,033 0.271
-18 197.0 112,570 50.808 253,588 0.284
-20 209 .9 118.078 56.851 274.074 0.298
-22 1222.6 123.090 63.015 294,496 0.312
-24 230.5 509.787 217.168 412,236 0.394
-26 232.7  1312.694 537.697 638.433 0.556
-28 234,1  2065.827 842,341 852,171 0.708
-30 235.6  2685.708 1098 .887 1032.102 0.836
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Table 2. Cocfficients for functioms F1(T) and F2(T)

determined by method of least—squares.

FI(T).
. Correlation
T(°C) an al an a2 Coefficient
~2)T>-22.9  ~4.,732 —2.245 x 100 —6.397 = 10-1 -1.0% x 1072 0.9999
~22.9)T>-30 9.899 x 107 1.309 x 103 5.527 x 10! 7.160 x 1071 0.9999
. F2(T)
~2>T»~22.9  8.903 x 107 -1.763 x 10-2 -5.330 x 10-% -8.801 x 10~° 0.9999
5.819 x 10~% 0.9999

~22,9>T>-30 8.547 1.089 4,518 x 10~2

10




ini= oV = (14C) prb

Solving for the relative pure ice volume, Vj/V, we obtain:

v P p, V
-}-=—-(1+C)—b'vt')’ (10)
Py Py

<

«
Air Volume

The relative air volume, V,/V, is equal to

v
a b i sS
- (11

Substituting equations (9), and (10) into equation (11) we obtain

\Y .

a _ P Yy » P

-\-7--1-—-+v—-((1+C)-—— cC— - 1) (12)
Pi Py pﬁs

Equation (12) can be simplified by defining

P, (= (G+0 ooy, (13)
Py Pss

substituting for (Vp/V) from equation (4), and recalling the definition

of F1(T) given in equation (6). The resulting relation is

Va P pSi Fz(T)
—=1 -—+ (14)
Py Fl(T)

Values for F(T) are given in Table 1 and plotted against tempera-
ture in Figure 2. The lines through the data in Figure 2 are also least-

squares curves of the same form as equation (N.

11
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Coefficients for these curves are given in Table 2. In determining

. the value of F2(T) at a given temperature, the pure ice density was

calculated from (Pounder, 1965):

pi(Mg/ma) = 0,917 - 1.403 x 10~*T(°C)

Sea Ice Density

The sea ice density can be found from equation (14) by solving for p:

() e
p = -y Z 7
v F (D) = p;5,F,(T)

(15)
i

Unlike the calculated densities given in Schwerdtfeger (1963) and Anderson
(1960), this equation considers the presence of both air and solid salts in
the ice. A comparison betweem the different density estimates is given

later in this paper.

Gas Volume at Another Temperature

The gas volume and.brine volume of sea ice are determined by measuring
the volume and mass of the ice sample at a given temperature and the
salinity of the melted sample. If tests are conducted at a temperature
different than the temperature at which the bulk density was determined,
the air and brine volumes must be recalcdla;ed.

Equations are now derived to calculate the air and brine volumes at a
temperature which differs f;om the temperat@re at which the ice density was
determined. Primed variables denote the initial value of the_different
variables. e

It is initially assumed that the Brine and airkpockets aré'iﬁter—

connected. From equation (5) we know that

13




Because the mass and bulk salinity of the ice do not change with tempera—

ture
: - F! - 1
v, = vy Bl (T) (16)
'Fl(TS

By rearranging equation (14), substituting for p based on equation (5) and

defining

T) = PySs (A7)

it can be shown that
Vb = (V - Va) F3(Si,T) . (;8)

Also dividing both sides of equation (1) by V and noting that

(19)

— I et as—

From equation (18)VWe can also conclude that

v (v - Va) F3(Si,‘T)

b
b, a3 (20)
Vb & Va ) F3 (Si’ T)

Substituting equation (19) into (20) and solving for V,/v we obtain for

the new air volume

14




S (AN 3 8D F) (T)> (21)
v &) N\ees o R® N

If the volume of the sample is not krown at the new temperature, one can

assume that the change in the external dimensions of the sample is due to

—-
-

the volumetric change in the ice matrix, that is

p P
- BT E-1

>
TS IS

In the temperature range where many investigations are carried out

If the brine and gas pockets are not connected, a change in gas volume
may also take place if the ice is warmed, that is, as less dense ice is

melted to dilute the brine. In this case the new air volume is equal to

<

\'A p F! (S_, T) F‘ (T)
a a : 3 i?

— L (22)
v p' Fq (Si, T) FI(T)

‘and in many applications

PPy

-—'—w—-—-sl

P Di

DISCUSSION. o | | '

As methods for caiculating the gas cdntenﬁ of sea ice invariablyk
contain a calculation of the density of gas—free sea icé; it is ihteresting
: to compare the density estimates developed in this paper with previously
published estimates. Table 3 gives such a comparlson. As'can’Be seen, -the

agreement between the present results and those of Anderson (1960) is very

15 ) '




Table 3. The calculated densities of
temperatures and salinities

gas—free sea ice at different
as given by different authors.

T = -2C 1 3 5 10 - 20 o/o0
Zubov (1945) .922 .926 .930 .939
Anderson (1960) 9198 .9252 .9307 9447 .9739
Schwerdtfeger (1963) .9191 .9233 .9275 .9379. - .9588
This paper (CW) .9200 9254 .9308 94487 .9740
T = -8C
Zubov (1945) .920 .923 .925 .932 944
Anderson (1960) .9192 .9216 9240 .9301 9426
Schwerdtfeger (1963) L9175 .9186 .9196 .9222 .9275
This paper (CW) .9193 .9218 .9242 .9303 9429
T = -10C
Zubov (1945) .920 .922 .925 - .929
Anderson (1960) .9194 . .9216 .9239 .9296 .9412
This paper (CW) .9195 9218 .9240 .9297 L9413
T = -30C
Anderson (1960) .9216 .9230 L9245 .9281 .9354
.9219 .9233 9247 .9281 .9352

This paper (CW)

16




.

good (the present values are at most +0.0003 Mg/m3 higher with a modal

- difference of only +0.0001 Mg/m3). This agreement is, however, not
‘surprising in that both Anderson's and our calculations are based on
Assur's phase equilibrium tables. The agreement essentially verifies both
sets of calculations. When comparisons are made with Schwerdtfeger's
(1963) results for sea ice warmer than -8.2°C, much larger differences are
found, Within this temperature range these differences vary from +0.0009

_ at warm temperatures (-=2°C) and low salinites (1 0/90) to +0.0154 at

-8°é and 20 o/oo. The agreeement with the earlier values of Zubov (1945)
is better than with Schwerdtfeger with the largest difference being +0.0058
Mg/m3. ”

It is also Lnteresting'to use the relations that have been developed
to examine the importance of considering the presence of solid salts in
making gas volume calculations. For sea ice warmer than -8.2°C,
Schwerdtfeger (1963) calculated the relatiye air volume from

o 1000 = 5, 4.98 'S

L i
=1-1505 (gom—*t—F ) (23)

<1|m<

where p is in Mg/m3, S; in o/oo, and T in °C. As mentioned earlier he
neglected the presence of solid salts and assumes that the volume of brine
in the ice is equal to the volume of pure water. If we neglect the

presence of solid salts in our equations, equation (12) siﬁplifies to

R e
Ba (1l - =)t (—- — (24)
v Py Sp Py P

~ The results from equations (23) and (24) are compared to the results from

equation (12) in Table 4. The air volume of sea ice of different assumed

17




Table 4. Air volume (o/oo) calculations from three methods

for sea ice having different densities, salinities and
temperatures (see text for explanation).

84 =1 o/oo

T ' p(g/cm3)

(°C) 0.890 0.910 £ 0,930
1 2 3 1 2 3 1 2

-6 31,1 31.8 31.8 9.4 10.0 10.0 -

~-10 | 32.0 32.1 10.2 10.4 - -

-20 33.4 33.4 11.7 11.7 - -

-30 34.8 34.6 13.1 12.9 - -

S; = 10 o/oo

T ’ p(g/cn?)

(°c) 0.890 0.910 0.930
1 2 3 i 2 3 1 2

-6 46.5 44,9 44,8 25.1  23.5 23.3 3.7 2.0

-10 42,7 42.7 21.2 21.2 - -

-20 42,2 42.1 20.7 20.6 - -

-30 43,1 41.0 216 19.4 - -

18
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salinities, densities, and temperatures are calculated using these three
. equations. Schwerdtfeger's results are given in Column 1, our results
neglecting solid salts in Column 2, and our results considering solid salts

in Colummn 3.

All the calculated values at a given salinity, densitx,*and tempera-
ture are in close agreement. This indicates that even for se; ice bélow
the NaCle2H720 eutectic temperature, neglecting the presence of solid
salts in air vOlumé caiculations is a reasonable assumption. For warm,'
high density, high salinity sea ice (0.930 Mg/m3), Schwerdﬂfeger's value
differs by 1.8 o/oo, or nearly 100%. However, the brine volume of this ice

is relatively much greater (85.1 ©/oo) and there is little difference in

" the total ice porosity.

CONCLUSIONS
Equations have been derived to quickly calculate the air volume of sea
ice bonsidering the presence and absence of solid salts. The results show

that neglecting the présence of solid salts is a reasonable assumptlom.

‘However, in this era of computers and sophisticated hand calculators, we
reconnend considering the presence of solid salts and the use of equation
(12) to calculate the air volume qf sea ice. A program for making such
calculations on a Hewlett-Packard 41C calculator is available from the

authors.

19
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